
5.0 SUMP POOL DEBRIS TRANSPORT

Section 5 summarizes the available knowledge
regarding transport of insulation debris within the
containment sump pool that would form from the
accumulation of water during the injection phase of
a LOCA. Debris would accumulate in the sump
pool with some deposited in the sump region during
the blowdown debris-transport period and other
transported into the pool along with the water. The
airborne/washdown transport of the debris to the
sump pool, including where and when the debris
would enter the pool, was discussed in Section 4.
The phenomena associated with the transport of
debris within the sump pool are discussed in this
section. The knowledge base associated with
insulation and other debris transport' within the
sump pool is organized as follows.

* Section 5.1 presents an overview of the
mechanics associated with debris transport
within the sump pool, including the
characteristics of an accident relevant to debris
transport, the relevant plant features, the
physical processes and phenomena, and the
debris characteristics affecting debris transport.

* Section 5.2 describes the tests performed that
are relevant to sump-pool debris transport.

* Section 5.3 describes the analyses performed
that are relevant to sump-pool debris transport.

* Section 5.4 summarizes the types of analytical
approaches developed to predict the transport
of insulation debris within a sump pool.

• Section 5.5 discusses the guidance based on
insights gained from testing and analytical
studies.

A majority of the testing and analysis relevant to
sump pool insulation debris transport was done to
support the suction-strainer clogging issue for
BWRs; however, most of this research is directly
applicable to PWRs as well. The applicability of
BWR research to PWRs is discussed as
appropriate. Further, it also should be noted that
debris-transport research tended to focus on the
transport characteristics of fibrous insulation debris.
Research also has considered other types of

The same physical processes and phenomena that
govern the transport of insulation debris also would
govern the transport of non-insulation debris. However,
most experimental transport research has focused on
the transport of insulation debris; exceptions include
limited transport data for paint chips, rust Iflakes, and
iron oxide particulate

insulation debris, notably RMI debris, but the
potential for fibrous insulation debris to clog a
strainer generally has been found to be
substantially greater for fibrous debris than for RMI
debris. Further research has tended to focus on
LDFG insulation over the other types of fibrous
insulation, i.e., HDFG or mineral wool fibrous
debris. Thus, there are gaps in the completeness
of debris transport research for all types of
insulation debris.

5.1 Overview of Mechanics

The transport of debris within a PWR containment
sump pool would be influenced by a variety of
physical processes and phenomena and by the
features of a particular containment design. These
debris transport processes range from debris
deposited on the sump floor during blowdown that
would subsequently be swept by the spread of
water as the sump begins to fill, to debris that later
transports into an established sump pool from the
upper reaches of the containment by the deluge of
containment spray water drainage.

The NRC convened a panel of recognized experts
with broad-based knowledge and experience to
apply the PIRT process to the transport of debris
generated by a high-energy pipe break through a
PWR containment.' The PIRT process was
designed to identify processes and phenomena that
would dominate the debris-transport behavior.
Further, these processes and phenomena were
prioritized with respect to their contributions to the
reactor phenomenological response to the accident
scenario. The NRC also convened a PIRT panel to
rank transport processes relative to debris transport
within a BWR drywell.-2

This section specifically discusses

* the characteristics of postulated accident
scenarios relevant to the transport of insulation
debris within a sump pool (Section 5.1.1),

* the plant features that would affect the transport
of insulation debris within a sump pool (Section
5.1.2),

* the physical processes and phenomena that
affect the transport of insulation debris within a
sump pool (Section 5.1.3), and
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the characteristics of debris that affect the
transport of insulation debris within a sump pool
(Section 5.1.4).

5.1.1 Accident Characterization

Many aspects of a PWR accident scenario are
important in judging the transportability of debris in
the water pool formed on the containment floor.
Accident aspects recognized as being important are
discussed below. These include the characteristics
of the debris deposition within the pool (location and
timing), the break (location, orientation, and flow
rate), the containment sprays (drainage locations
and flow rate), the recirculation sump (location, flow
rate, and the activation time), and the sump pool
(geometric shape, depth, and temperature).

The transport of debris varies with the postulated
accident scenario, which would specify such
parameters as the LOCA break size and location.
Thermal-hydraulics codes can be used to estimate
containment, RCS, and CSS conditions such as
pressures, temperatures, and flow rates. For
example, the predicted containment pressure would
determine whether containment sprays would
activate automatically on a high-pressure alarm.
The operating procedures should determine
whether and when containment sprays might be
deactivated by operator action.

Fundamental to analyzing the potential for debris
transport in a containment pool are the types, sizes,
and quantities of debris that could be in the pool
and where and when the debris entered the pool.
The transport of debris within the sump pool would
occur in two very different phases. The first pool
transport phase would occur as the sump pool
forms where debris that was deposited onto the
sump floor during and shortly after RCS
depressurization before sump-pool formation (and
also before ECCS switchover to the recirculation
mode) would be transported with the fill-up water
flows.

During the fill-up phase, debris on the floor would
transport as the initially shallow and fast-flowing
water spread out across the sump floor. This
behavior was observed in the integrated tank
tests.S3 In this mode of transport, debris could be
transported a substantial distance from its initial
deposition location; the transport could move debris
either toward or away from the recirculation sump.
Debris could easily be pushed into inner
compartments or out of the main flow locations
where it likely would remain. These effects would

be lessened with the distance from the inlet and as
the sump water level rose.

The second pool transport phase generally covers
the period after the ECCS has switched over to
recirculation at or near quasi-steady-state pool flow
conditions. Debris transport in the steady-state
phase would move debris from where the debris
was located in the pool following the fill-up. In
addition, more debris would enter the pool because
of containment spray drainage. This debris could
simply drop into an already established pool, where
it could sink to the pool floor or float with the water
flow.

The complex movement of water through the sump
pool would be unique for each postulated accident
sequence and for each plant. The geometry of the
sump pool affects the complexity of water
movement and that geometry is plant-specific.
Water would flow from its point of entry to the
entrance of the recirculation sump. Water flowing
to the sump would come from the pipe break and
from the drainage of the containment sprays (if
activated). Water from the break would plummet
from the break location; therefore, the break
location, the orientation of the break, and the rate of
flow from the break could affect flow patterns in the
pool. Further, the elevation of the break and the
congestion of piping and equipment below the
break could affect the momentum and structure of
the flow entering the pool, which in turn determines
pool turbulence near the break. Pool turbulence
would further disintegrate the debris to some extent;
it also affects whether debris can settle.

Water from containment spray drainage would enter
the sump pool at multiple locations, and the
drainage pattern would be very plant-specific.
Typical water drains into the sump pool include
refueling pool drains, floor drains, stairwells,
elevator shafts, an annular circumferential gap,
and/or openings to the upper containment, such as
a steam generator shaft. In some plants, a train of
containment sprays may spray directly into the
sump pool. The pattern of the spray drainage and
the containment spray flow rate would affect the
complexity of the flows within the pool and the
subsequent transport of debris within the pool.

The locations of the incoming water relative to the
location of the recirculation sump would be
especially important. The relative locations
determine the flow patterns, which in turn determine
whether or how many significant quiescent regions
would exist in the pool. Debris within quiescent
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regions could remain in those regions indefinitely.
For example, if incoming water entered the sump
pool well away from the recirculation sumrIp inlet,
then the water flow could sweep a majority of the
pool, thereby enhancing debris transport.
Conversely, incoming water could enter near the
recirculation inlet so that much of the sump pool
was relatively quiescent. Debris would be much
more likely to remain suspended in the turbulent
regions of the pool than in the more quiescent
regions. In addition, it is known that pool turbulence
can affect the further disintegration of certain types
of debris, e.g., fibrous or calcium silicate insulation
debris.

The depth of the pool strongly affects debris
transport. Specifically, the deeper the pool, the
slower the water flows; a deeper pool would have
less turbulence in general. The available water
would govern the maximum depth of the pool, but
the depth of the pool when the ECCS switches over
to the recirculation mode also depends on relative
timing (i.e., the depth of the pool at switchover
could be substantially less than the maximum pool
depth). For example, pool depth would depend on
the rate of ice melt in an ice-condenser plant.

The temperature of the water affects water density
and viscosity, the rate at which water penetrates dry
insulation debris, and, potentially, debris
disintegration rates. Density and viscosity affect the
water drag on debris and thus the transport of
debris within the sump pool to some extent (e.g.,
the minimum velocity needed to move a piece of
debris across the pool floor); however, this effect
was not pronounced for the debris types tested.
Alternatively, the water density and viscosity do
have a significant effect on debris-bed head loss
(discussed in Section 7). The pool temperature has
a pronounced effect on the rate at which water
penetrates the inner spaces of fibrous debris,
thereby releasing the trapped air. This, in turn,
affects the buoyancy of the debris. When fibrous
debris is dropped in colder water, it can float for an
extended period of time, whereas when similar
debris is dropped in heated water, the debris tends
to sink in a reasonably short period of time.
Temperature may have an effect on the
disintegration rate of certain types of insulation,
particularly calcium silicate insulation.

5.1.2 Plant Features

A number of features in nuclear power plant
containments would significantly affect the transport
of insulation debris within a PWR sump pool.

These features include its engineered safety
features and associated plant operating
procedures. Plant features recognized as important
include the geometric features of the sump pool and
features that control water flows into and out of the
pool.

Geometric features, such as compartmentalization,
free-flowing annuli, flow restrictions, and obstacles,
all affect the patterns of flow. There would be areas
of relatively high flow velocity and areas of relatively
slow or quiescent flow velocities. Debris would
transport readily in the high-velocity areas but not in
the low-velocity areas. Further, the shape of the
sump pool can contribute to rotational flows
(vortices), where debris can be trapped within the
vortex. The flow would accelerate through narrow
pathways, such as an entrance into an interior
compartment, and then decelerate beyond the
entrance as the flow expands, thereby likely
creating regions of rotational flow. Debris that did
not transport to the sump screen would have been
trapped effectively within a quiescent region, such
as an inner compartment that does not receive
significant flow, or trapped effectively inside a
vortex, or stopped behind an obstacle. The
existence of a vortex suppressor in the sump pit or
inlet screening structure could influence how flow
approaches the sump.

Obstacles to debris transport on the floor of the
sump pool include the equipment located there and
curbs deliberately placed along the floor in front of
the sump screen to retard the transport of debris to
it. The equipment located in a sump usually is
supported on stands that anchor to the floor,
frequently on some sort of small, raised, concrete
platform. These obstacles could stop tumbling
debris from reaching the screen unless the local
flow velocities were sufficient to lift the piece of
debris over or around the obstacle. The location,
extent, and height of a curb would be important. An
example of a miscellaneous structure that could
affect debris transport is a closed chain-link gate at
a walkway between compartments.

Drainage from the containment sprays ultimately
moves from the upper containment levels into the
sump pool. The drainage pattern would be very
plant-specific and likely would involve a number of
features, including refueling pool drains, floor
drains, stairwells, elevator shafts, an annular
circumferential gap, or openings to the upper
containment, such as a steam generator shaft. In
some plants, a train of containment sprays may
spray directly into the sump pool. The pattern of
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the spray drainage and the containment spray flow
rate would affect the complexity of the flows within
the pool and the subsequent transport of debris
within the pool.

Plant features that affect the water level also affect
debris transport. These features include the
volumes of water injected into the RCS and
containment during the injection phase of the
accident. For an ice condenser plant, the quantity
of ice and the features associated with the melting
of the ice would affect the depth of the pool.
Features that could potentially hold water in the
upper reaches of the containment could reduce
pool depth; for example, if the refueling pool drains
were to become blocked by debris, the water
retained in the refueling pool would effectively
reduce the sump pool depth.

The location and design of the recirculation sump
affects the transport of debris in the sump pool.
The approach velocities of the water entering the
sump screen depend on the area of the screen and
the pumping flow rate. The turbulence near the
sump screen affects the formation of the debris
bed, and the level of turbulence would be related
directly to the proximity of the sump to the break.
Should the break be located near the sump screen,
turbulence associated with the falling water could
remove previously deposited debris from the screen
and the turbulence could negate the effectiveness
of debris curbs placed in front of the screens.
Conversely, a sump distanced from a break or
sheltered from a break by compartment walls would
not experience much direct agitation from the break
stream.

Some sump designs would mean that the entire
screen would be submerged during operation of the
recirculation pump, whereas other sump screens
would remain partially exposed during the entire
accident scenario. The submergence of the sump
determines the failure criteria for the screen; that is,
the failure of a submerged screen would be a result
of the debris-bed head loss exceeding the available
NPSH margin, but the failure of an non-submerged
sump screen would be a result of the debris-bed
head loss exceeding the available hydrostatic head
(approximately half of the sump pool depth). The
volume of the sump pit could affect debris transport
during the fill-up transport phase. As the pit fills
with water, the fast moving shallow flow of water
across the sump floor would move debris toward
the sump screen, as the sump pit filled. Therefore,
the larger the pit, the greater the potential for debris

transport toward the screen during the initial filling
phase.

5.1.3 Physical Processes/Phenomena

The analysis of debris transport test results
identified many processes and phenomena that
could significantly affect the transport of debris
within the sump pool. These include hydraulic
processes that contribute to the transport of debris
and the debris transport and entrapment processes.

Hydraulic Processes
Hydraulic processes include the entry of water onto
the containment sump floor, the establishment of a
pool, the pumping of water from the sump, and the
flow through an established pool. The processes
include both bulk-flow and localized processes.

Following a LOCA, liquid effluences from the break
would drain to the sump, either directly or after
flowing off of containment structures, with most of
this drainage entering the sump in the vicinity of the
break. If the containment spray system activates,
the drainage from these sprays also drains to the
sump, but its entry would most likely occur at
multiple locations. At first, water falling from a
significant height onto the sump floor would spread
out in a sheeting type of flow characterized as very
shallow but fast-moving with a preference toward
the sump (lowest elevation). After the spreading
water has spread across the containment floor so
that the sump pool begins to form, a hydraulic jump
would begin to move back toward the source of the
water until the source becomes fully engulfed by the
pool. Pool formation hydraulics would be very
dynamic and transient in nature and could move
debris across the floor dramatically.

After the pool has formed, pool flow dynamics
become less dynamic and less transient. When the
ECCS switches over to the recirculation mode and
the recirculation pumps begin to pump from the
sump pool, the pool transitions to steady-state
flows. Patterns formed in the pool are three-
dimensional in nature and likely would have several
features in common for any particular sump design.
(If the pool is sufficiently shallow, the flow patterns
may become more two-dimensional in nature.)
Features of the pool would include accelerated flow
through narrow passageways followed by
decelerated flow, rotational flow (vortices), regions
of relatively quiescent flow (sometimes referred to
as inactive or dead zones), flow around and over
obstacles, vertical mixing flows, and boundary layer
flow.
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A particular area of the pool would be characterized
by bulk flow terms, such as the bulk fl6w velocity,
but within this area, the localized flow may behave
somewhat differently. For example, the flow around
a particular piece of debris could be substantially
different than the bulk flow velocity (either faster or
slower). A particular piece of debris could move as
a result of the local flow velocity, whereas the bulk
flow velocity might not be sufficient for that
movement. Hence, it is important to quantify the
level of pool turbulence (or agitation) when
predicting debris transport. Turbulence would be
generated in the pool primarily by the various flows
falling into the pool. Testing has effectively
demonstrated that turbulence can keep debris
suspended in the pool, enhance the transport of
debris along the floor of the pool, and even cause
additional degradation (or disintegration) of debris.
Pool turbulence would vary throughout the pool,
and the highest levels of turbulence would generally
be underneath the break.

Debris Transport Processes
The transport processes that could be important for
evaluating sump-pool debris transport can generally
be grouped into debris entry processes, debris pool
transport processes, debris entrapment processes,
and debris transformation processes.

Debris would be carried into the containment sump
area by either airborne flows or waterborne flows.
During the violent blowdown portion of the accident
scenario, RCS depressurization flows would carry
debris into the sump area, where some of that
debris would fall out of the airflow onto the sump
floor, before the establishment of the sump pool.
Upon completion of the blowdown, little, if any,
additional debris would be borne by airflows to the
sump. Following the brief blowdown period,
drainage from condensate and containment spray
(if activated) would wash debris that had deposited
in the upper reaches of the containment (anywhere
above the sump) down to the sump level. Thus, the
entry of the debris into the sump would be time-
dependent-some early blowdown-deposited debris
and then somewhat continuous transport because
of the containment sprays. Some debris would be
subjected only to steady-state pool water flows, and
some debris would be subjected to pool formation
water flows, as well. The condensate drainage
could transport some debris, but it would be much
less than the spray drainage transport. Liquid-
borne debris would generally enter the sump pool
with the water flow.

Pool debris transport would involve several distinct
debris-transport processes that all have been
observed during debris transport testing discussed
in Section 5.2. During the pool formation phase,
the sheeting type of flow (discussed above)
effectively transports debris previously deposited
onto the sump floor with the spreading of the water
flow. Depending on the relative location of the
recirculation sump to the incoming flow
(predominantly the break flow), the sheeting flow
debris transport could move debris toward or away
from the recirculation sump.

When the pool becomes sufficiently established to
suspend debris that suspended debris would simply
move along with the water flow. Fine debris, such
as individual fibers or light particles (e.g., calcium
silicate), would essentially remain suspended at
relatively low levels of pool turbulence, throughout
the entire accident scenario. Ultimately, most of
this fine, suspended debris would be filtered from
the pool by the recirculation sump screens.2 Larger
debris could be suspended in the more turbulent
regions of the sump pool (e.g., under the break) or
before it was completely water saturated. Debris
not completely water saturated would contain some
air that would give it buoyancy.

Truly buoyant debris, such as some of the forms of
insulations, would float on the pool surface unless
the pool turbulence was sufficient to pull the debris
beneath the surface Truly buoyant debris typically
would float on the surface and move either toward
the recirculation sump screen or into a quiescent or
rotational region of flow. Buoyant debris over a
submerged sump screen generally would orbit in a
rotational flow established above the sump or it
could accumulate against a sump screen that was
not completely submerged.

When insulation debris enters the sump pool, it
could be dry or fully or partially saturated with water
depending on its exposure to moisture (e.g., fibrous
debris). If the debris was not fully saturated (i.e.,
contains trapped air), then the debris could still be
buoyant, whereas it would readily sink when it was
fully saturated. The time required for water to
saturate a piece of debris depends on the type of
insulation and the size of the piece of debris; it also
is very dependent on the temperature of the water.
The space between the fibers of fibrous debris
usually fills with water rapidly when the water is hot

2-

2Some of this debris likely would pass through the sump
screens and subsequently return to the sump pool
unless it was trapped within the ECCS or RCS.
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(sump-pool temperatures) but fills slowly when the
water is cold (room temperature).

Nonbuoyant debris, such as saturated fibrous
debris, would settle to the floor of the pool, except
in regions of high turbulence. If local flow velocities
were sufficiently high, sunken debris would
transport along the floor with the water flow. This
transport involves tumbling and sliding motions.
The separate-effects test data provide the flow
velocities needed to start debris in motion (referred
to as 'incipient motion) and the flow velocities
needed to cause the debris to transport in bulk
motion.54 Note that significant turbulence would
cause debris to transport along the floor at lower
bulk flow velocities than if there was no turbulence.

Debris moving across the sump pool floor could
encounter an obstacle that stops further forward
motion. These obstacles include equipment and
curbs placed in front of the recirculation sump to
trap debris. Typical equipment obstacles are the
supports for equipment located at sump level.
These supports are frequently large raised concrete
pads. Debris trapped against one of these
obstacles could be lifted over the obstacle when the
flow velocities are sufficiently fast. The separate-
effects test data also provide these lift velocities.
This lifting action also applies to debris that would
arrive at the base of the recirculation sump screen,
where that debris could be lifted (or rolled) up onto
the screen.

When the debris transport process is complete,
debris would transport either to the recirculation
sump screens or become trapped along the way.
Some debris could become entangled on
equipment, where it could remain, independent of
flow velocity. For example, this could happen
during the initial formation of the pool, where the
rapid flow sheeting might force debris underneath a
cable or a conduit. As another example, debris
could become entangled in a chain-link gate or
fence that sometimes is found in a containment. As
previously noted, debris could become trapped
behind an obstacle when local flow velocities were
not sufficient to lift it over or around the obstacle.
Some debris would simply move into a location
where the local flow was insufficient to transport the
debris further, such as in quiescent flow regions
associated with rotational flow or a compartment off
of the main flow. When flow decelerates and slows
with a widening flow cross section, the debris could
simply stop at some point. In some cases, trapped
debris can become re-entrained into the main flow.
For example, pieces of debris once trapped on the

floor inside a vortex have been observed to
occasionally be forced by localized flow turbulence
back into the faster flow of the vortex and thereby
re-entrained into the main flow.

Debris that reaches the sump screen would remain
on the screen if the approach velocity of the water
were sufficiently fast, as would normally be the
case. The separate-effects tests measured this
velocity, which is referred to as the screen-retention
velocity, for a few types of debris. When the
approach velocity was marginal in the integrated
tests, pieces of debris were observed to drift away
from the screen after arriving at the base of the
screen.

Debris has been observed to undergo
transformation under some conditions, i.e., the
agglomeration of small debris into larger debris or
the disintegration (also referred to as erosion) of
larger debris into finer debris. In general,
agglomeration would make debris less
transportable and disintegration would make debris
more transportable. A form of agglomeration was
observed during the integrated debris-transport
tests in which small LDFG debris that accumulated
on the floor in quiescent regions, such as the center
of a vortex, tended to mat together. This mat then
moved as though it was one piece of large debris.
Such matting would increase the retention of debris
at such locations; however, it likely would break
apart easily if the mat subsequently was forced
back into more dynamic flow.

Disintegration is the most important form of debris
transformation because this process forms very fine
debris that remained suspended in the water even
at relatively low levels of turbulence, hence
transporting to the sump screens virtually
completely. For LDFG debris, this disintegration
was observed in the integrated tank tests and
during the Vattenfall tests,5 5 which noted that
larger pieces of insulation material would
disintegrate into fibers and fines" when subjected to
falling recirculating water. Calcium silicate also was
observed to disintegrate, more so than the LDFG
debris. The rate of debris disintegration would
depend mostly on the turbulence to which the
debris was subjected. Most of the disintegration
likely would occur to debris thrashing around in the
turbulence associated with the break flow
plummeting into the sump pool. It is possible that
higher temperatures and/or chemical decomposition
could enhance disintegration. A concern here
would be the breakdown during long-term pumping
of the binder that holds fibers or particles together,
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thereby releasing these fibers and particles from the
larger debris. (See Section 2.5.)

5.1.4 Debris Characteristics

Transport of debris in a sump pool is strongly
dependent on the characteristics of the debris
formed. First, these characteristics include the type
and the size of the debris. There are several kinds
of insulation material in use in PWR containments.
These are generally grouped as fibrous insulation,
RMI insulation, and particulate insulation (e.g.,
calcium silicate). In addition, there are other types
of debris, such as failed coatings, dust, and
miscellaneous operational materials (Section 2).
Pieces of debris would be varied in size; for
example, fibrous debris would range from individual
fibers to nearly intact pillows. Debris from failed
coatings would range from very small particles to
substantially large chips. Debris transport depends
greatly on the type and size of the debris.

Each type of debris has its own set of physical
properties, including properties that determine
whether the debris would sink in a sump pool. The
debris buoyancy would depend on the density of
each piece of debris:

* the density of each constituent of the debris
(e.g., the solid density of an individual fiber),

* the density of the insulation as fabricated or as
installed, which for fibrous insulation includes
the air space between the fibers,

* the density of a piece of insulation debris, which
could differ significantly from the as-fabricated
density, and

* the density of the debris after it becomes
saturated with water.

In addition, the time required for a piece of debris to
saturate with water could be important because this
would determine how long and how far the debris
could float before sinking to the floor. An intact
pillow of fibrous insulation could retain sufficient air
for the pillow to transport all the way to the
recirculation sump screen. The debris settling
velocity (the rate at which debris settles vertically in

water) could become important if the pool were
sufficiently deep.

The flow velocities needed to initiate specific debris
transport motions are also debris transport
characteristics. These motions include
tumbling/sliding motion across the floor, lifting the
debris over an obstacle, and retaining the debris on

the sump screen when it arrives there. These

velocities have been measured for selected debris
types and sizes and for both incipient and bulk
motion. The lift velocity also depends on the height
of the obstacle.

The characteristics associated with debris
disintegration are also important because the by-
product of the disintegration usually would be very
fine debris that remains suspended and therefore
transports readily to the sump screen. These
properties are much more difficult to characterize,
but chemical stability in the sump pool should be
considered. For example, would the binding
decompose during long-term submergence in the
sump pool and would this decomposition depend on
pool acidity? Both fibrous and particulate insulation
debris are known to disintegrate to some extent, but
data needed to quantify this disintegration is not
readily available. For example, calcium silicate
insulation debris disintegrates rapidly in water,
leaving a fine particulate in suspension. The rate of
disintegration is affected by the temperature of the
water and agitation. The accumulation of calcium
silicate debris along with fibrous debris on a screen
is known to create a substantial head loss.

5.2 Debris Transport in Pooled Water
Testing

The NRC, US industry, and international
organizations have conducted numerous tests to
examine experimentally different aspects of the
transport of insulation and other debris in pooled
water. The types of insulation tested have included
fibrous insulations (mostly LDFG), RMI, particulate
insulations, foam insulations, and a fire-barrier
material known as Marinite. The non-insulation
debris tested has included inorganic zinc paint
particles and flakes, iron oxide rust chips, iron oxide
particles, and Koolphen K vapor barrier foil paper.
The results of these experiments provide qualitative
insights and quantitative information relevant to
considerations of debris transport in PWR
containment sump pools.

5.2.1 Alden Research Laboratory Buoyancy
and Transport Testing on Fibrous
Insulation Debris

In the early 1980s, sponsored by the NRC, the
Alden Research Laboratory (ARL) conducted
buoyancy, transport, and head loss experiments on
reactor insulations," primarily fibrous insulation.
Three types of thermal insulation pillows with
mineral wool and fiberglass cores were tested in an
undamaged state, with their covers opened, and
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with their insulation cores in broken-up and
shredded conditions. A sample of closed-cell (foam
glass) insulation and an intact RMI cassette also
were tested for transport and buoyancy. The
buoyancy and transport aspects and findings of the
experiments are summarized below. (Head loss is
addressed in Section 7.)

Objective
The objective of the experiments was to provide
data to help assess the potential effect of dislodged
fibrous insulation on ECCS sump performance. The
experiments were configured to determine the
buoyancy, transport, and head loss characteristics
of the following types of insulation pillows.

* Type 1: Mineral wool enclosed in a Mylar-
coated asbestos cover

* Type 2: HDFG insulation covered with silicone
glass cloth on one side and stainless-steel
mesh on the other

* Type 3: HDFG insulation covered with
fiberglass cloth

A sample of closed-cell insulation and an intact RMI
cassette also were tested for transport and
buoyancy.

The experiments related to buoyancy and transport
were to determine:

* The buoyancy characteristic of the fibrous
insulation (this amounted to timing how long the
insulation would float while sprayed with a fine
mist of water), and

* The flow velocity at which sunken insulation
would move and the manner by which
transported insulation would collect on a vertical
screen.

Methodology
Types of Insulation Pillows Considered
Three types of insulation pillows were tested, and
their compositions are listed below. All pillows were
2 ft by 2 ft by 4 in. thick. These pillows were
basically made of a 4-in. thickness of insulating
material enclosed in a core. The cores were closed
with staples and fastened with tie rods going
through the insulation.

At the time of the experiments (1983), Type 1
insulation was in use at some operating nuclear
plants, but plants under construction were not
planning to use this type of insulation. The
insulation used in the tests was layered, 4-in. thick,
6-lb mineral wool or refractory mineral fibers (two

2-in. layers in the material tested). The covering
was Uniroyal #6555 asbestos cloth coated with a
i-mil Mylar film with stainless-steel staple seams. It

should be noted that a small sample of mineral wool
obtained from Maine-Yankee was included in the
tests and that the mineral wool in the Maine-Yankee
sample was manufactured by a different company
than the mineral wool in all other samples used in
the experiments.

Type 2 insulation was an oil-resistant insulation
pillow. The core insulation was four-layer fiberglass
Filomat-D - 1 in. (high-density, short-fiber E glass in
needled pack). The cover includes an inner
stainless-steel knitted mesh and outer silicone glass
cloth (Alpha Maritex Product #2619). The blankets
were closed with stainless-steel staples.

Type 3 pillows involve the same core insulation as
Type 2 but with the cover a different 18-ounce
fiberglass cloth (Alpha Maritex Product #7371). The
blanket seams were fastened with stainless-steel
staples.

Buoyancy Tests
The objective of these tests was to determine how
long insulation pillows in undamaged, opened, and
broken-up conditions would float. To approximate
the conditions in the containment building following
a LOCA, the insulation was sprayed continuously
with a fine mist. Also, because preliminary tests
indicated that the time needed for the insulation to
sink decreased significantly with increased water
temperature, the tests were performed with water
temperatures between 1200F and 1400F, which is
conservatively less than the containment pool
temperature that would exist early in a LOCA.

The tests were carried out in a large tank roughly
15 ft x 5 ft x 9 ft tall filled with approximately 5 ft of
water and separated vertically into three equal-
sized compartments (5 ft by 5 ft in plan). A
recirculating system with a 1 5-hp oil heater (boiler)
was used to bring the tank water to the desired
temperature and maintain it there. Conventional
shower heads adjusted to fine spray and located
about 3 ft above the water surface were used to
spray the insulation. The top of the tank was
covered with a plastic sheet to minimize heat loss,
and as a result, the air above the water surface was
saturated with water vapor.

In the buoyancy experiments, samples of insulation
pillows were gently placed on the water surface and
maintained under the spray. The time needed for
the samples to sink was measured.
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In addition to the fibrous insulation pillows, closed-
cell insulation was tested for buoyancy. A small
sample was deposited on the surface of water with
the water at approximately 1200F, and its behavior
was noted. The sample appeared to float
indefinitely.

Transportation Tests
The objective of these tests was to determine the
conditions under which insulation material would be
transported by the flow to the sump screen and in
what manner it would collect on the screen.

For floating insulation pillows, investigations were
directed at corroborating transport to the screen at
the water surface velocity and noting the conditions
under which the pillows would flip vertically against
the screen.

For sunken insulation, the flow velocity needed to
initiate transport was measured, and the way the
material collected on the screen was noted.

Tests were performed with insulation pillows in the
following forms.

• Floating whole pillows
* Sunken whole pillows
* Sunken pillows with covers removed (but

placed in the flume) and insulation layers
separated

* Differently sized (6-in. square to 12-in. x 24-in.)
full-thickness sunken pillow pieces with covers

* Sunken 4-in. x 4-in. x 1-in. and 4-in. x 1-in. x 1-
in. pillow fragments without covers

* Sunken pillows in shreds (no cover material)
* Sunken individual shreds

Most of the transportation tests were conducted in a
flume 6 ft wide by 6 ft deep and approximately 40 ft
long equipped with a recirculation flow system. A
screen similar to those used in containment sumps
was erected across the flume, and a grating in front
of the screen served as a trash rack. A water depth
of 2 ft 8 in. was used with the equivalent insulation
volume of two 2-ft x 2-ft x 4-in. pillows. The
insulation pillows were dropped in the water 25 ft
upstream of the screens, where the velocity
distribution across the flume was approximately
uniform. Flow velocities were measured using a
laboratory current meter. Velocities were measured
about 6 in. above the sunken insulation.

Turbulence generators were added to the flume for
a few tests using 4-in. x 4-in. x 1-in. fragments of
insulation pillows and pillow shreds. These
turbulence generators were made with piles of
cinder blocks extending nearly to the water surface
and blocking part of the flow area. These piles of
cinder blocks were intended to somewhat represent
obstructions that might be present on a containment
floor.

Tests with small single fragments of insulation
material (4-in. x 4-in. x 1-in. shreds) were performed
in a smaller 1-ft-wide flume with a 7-in. water depth.
The flow velocity to initiate motion of the individual
fragments (one at a time) was measured with a
miniature propeller velocity meter.

In addition to the tests described above, the flow
velocity needed to initiate the motion of an intact
RMI cassette was measured. The sample was
deposited on the bottom of the 6-ft flume with a
water depth of 2 ft 8 in. Flow velocity was increased
gradually until movement was observed.

Key Findings
The buoyancy tests revealed the following.

* In general, the time needed for both mineral
wool and fiberglass insulation to sink is less at
higher water temperatures.

* Most mineral wool does not readily absorb
water and can remain afloat for several days. A
notable exception to this was that the mineral
wool received from Maine-Yankee, which sank
in several hours in 500F water and in 10 to 20
min in 1200F water.

* Fiberglass insulation readily absorbs water,
particularly hot water, and sinks rapidly (from 20
to 60 min in 500F water and from 20 to 30 s in
1200F water).

* Undamaged fiberglass pillows of Type 3 (and
possibly also of Type 2) can trap air inside their
covers and remain afloat for several days.

* Based on the observed sinking rates, it may be
concluded that mineral wool pillows and some
undamaged fiberglass pillows (those that trap
air inside their covers) will remain afloat after
activation of the containment recirculation
system (approximately 20 min after the
beginning of the LOCA). Those floating pillows
will be transported readily to the sump screens.
Damaged fiberglass insulation pillows will sink
before activation of the recirculation system and
will move only if the water velocity exceeds the
incipient transport velocity associated with the
pillows.
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RMI cassettes (at least of the type tested) sink
immediately, and closed-cell foam insulation
floats indefinitely. (The RMI cassette
investigated measured 8 in. x 8 in. x 3 in. and
had six sheets of reflective metal. The closed-
cell insulation was a 6-in. x 4-in. x 2-in.
parallelepiped of foamed glass.)

The transportation tests revealed the following.

* Floating insulation does move at the water
surface velocity.

* Water velocities needed to initiate motion of
sunken insulation are on the order of 0.2 ft/s for
individual shreds, 0.5 to 0.7 ft/s for individual
small pieces (up to 4 in. on a side), and 0.9 to
1.5 ft/s for individual large pieces (up to 2 ft on
a side).

* Whole sunken fibrous pillows require flow
velocities of 1.1 ft/s for Type 1 (mineral wool)
and 1.6 to 2.4 ft/s for Types 2 and 3 (fiberglass)
to flip vertically onto a screen.

* Floating pillows require a water velocity in
excess of 2.3 ft/s to flip vertically against a
screen.

* Sunken fragments of insulation pillows tend to
congregate near the bottom of a vertical screen
if there are no turbulence-generating structures
(piles of cinder blocks in the flume experiments)
in front of the screen. Depending on the water
depth, unblocked space remains near the top of
the screen. With a turbulence-generating
structure a few feet in front of the screen, some
insulation fragments get lifted and collect higher
on the screen.

* Insulation shreds tend to remain waterborne
and collect over the entire area of a screen.

* After reaching a screen, mineral wool fragments
tend to lose their shape and turn into pulp. This
contrasts with fiberglass fragments, which
retain their shape and integrity.

* Intact RMI cassettes (or at least cassettes like
the one tested) require a flow velocity of 2.6 ft/s
to start and keep moving.

Limitations
Several references were made in the test report to
the covers of fibrous insulation pillows being in
place or removed. However, no mention of any
buoyancy or transportability characteristics of the
covers themselves could be found.

Different insulations than the specific ones tested in
this study could have different characteristics. The

test results presented here are therefore only
applicable for the specific insulations described.

No mention could be found as to whether the
insulation tested had been pretreated (e.g., heated)
or not.

5.2.2 Pennsylvania Power and Light Debris
Transport Tests

In 1994, Pennsylvania Power and Light Company
(PP&L) sponsored tests conducted at ARL to
investigate issues relating to plugging of
suppression pool suction strainers in BWR power
plants. 7 These tests, which commonly are referred
to as the PP&L tests, were conducted in two parts.

* Transport tests-performed to quantify the
transport velocities and turbulence levels
(vertical mixing) required to keep materials
waterborne where they could contribute to
strainer plugging.

* Head loss tests-performed to investigate
strainer head loss as a result of an
accumulation of LDFG insulation debris with
and without particulate present.

The transport tests are summarized here. Although
these tests were conducted with BWR suppression
pools in mind, they also provide meaningful
information on the effects of vertical mixing on
debris transport in PWR containment pools.

Transport Test Objectives
The transport tests were conducted to investigate
the transport characteristics of various materials
found in Susquehanna Steam Electric Station Units
1 and 2. The tests, which were conducted in a
flume, were designed to investigate whether the
flow patterns that would exist in a suppression pool
could keep the materials suspended. The flume
was configured to somewhat resemble a
suppression pool with flow induced by ECCS
recirculation and water returning to the pool via the
downcomer vents. The tests provide information as
to what types of material could be expected to settle
to a suppression pool floor, where they would not
be available to contribute to strainer plugging.

The transport of material over a weir also was
investigated. Tests were conducted to quantify the
flow rates required to draw the different debris types
over a weir acting as a barrier to debris transport.
These data were useful in assessing whether debris
would remain on the drywell floor or be drawn over
the drywell downcomer weir by recirculating water
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flow spilling out of the broken pipe in a LOCA
scenario. The data are applicable to considerations
of debris transport over curbs in PWR
containments.

The materials tested in the flume included LDFG
insulation debris, inorganic zinc paint particles and

flakes, iron oxide rust chips, iron oxide particulate,
RMI, and Koolphen K vapor barrier foil paper.
LDFG fibers and LDFG clumps of the following
descriptions were tested.

* LDFG fibers-LDFG insulation debris of a light,
loose, well-aerated texture with an average
density of approximately 2.08 kgIm3 (0.13
Ibmlft ) usually consisting of a loose cluster of
individual fibers.

* LDFG clumps-LDFG insulation debris torn
from a blanket and aerated by a jet blast to an
average density of approximately 20.8 kg/im3

(1.3 Ibm/ft3). Clumps retain some of the
structure of the original blanket where the
binder keeps individual fibers consolidated at a
lower density than the original blanket.

Test Apparatus
The flume had a 22-in.-wide, 16-in.-deep,
rectangular cross section and was 18-ft long. It had
one glass side to allow debris movement to be
observed. Water was introduced at one end of the

flume and passed through flow straighteners before
it entered the test section. The influence of
turbulence from return flow to a suppression pool
through downcomers was investigated by
discharging jets downward into the flume beneath
the water surface. The downward jets were
introduced through three 1-in. pipes distributed
along the flume length. The jets imparted a known
amount of mixing energy to the lateral flow, which
was quantified as a power per unit volume (Win3).

In the tests involving a weir, the 12-in high weir was
placed at the outlet end of the flume. Modeling
similitude was addressed (i.e., the differences were
studied between the linear weir in the flume and the
circular weirs of BWR downcomer vents).

Key Findings
Material transport was observed in the flume,
specifically whether debris settled at a given flow
velocity and mixing energy. It was found that
heavier debris, such as paint flakes, rust chips and

RMI, settled readily. On the other hand, sludge was

observed to remain largely waterborne. The LDFG

fibers remained waterborne with very little flow
mixing The degree of mixing necessary to keep the

LDFG clumps waterborne was sizeable but not
greater than the mixing that could be expected in a
BWR suppression pool during ECCS recirculation.

For the weir tests, whether debris was carried over
the weir depended on the speed of the flow through
the flume.

Limitations
The quantitative information obtained for these tests
relating mixing energy to debris transport is
applicable in general to portions of a PWR
containment sump pool away from the extreme
turbulence of the pipe break flow plummeting into
the pool.

5.2.3 Alden Research Laboratory Suppression
Pool Debris Sedimentation Testing

The NRC sponsored tests, which were conducted
by ARL, to investigate debris sedimentation in a
BWR suppression pool. Although these tests apply
specifically to the resolution of BWR suction strainer
clogging issue, the debris settling data could have
relevance to debris settling in a PWR sump pool,
specifically in the portion of the pool where the
debris transitions from the higher turbulent mixing
near the pipe break into the calmer portions of the
pool. Hence, these tests are summarized here.

After a postulated LOCA, the BWR suppression
pool would experience a range of turbulence
conditions, specifically, a high level of turbulence
immediately following the LOCA, a transition period,
and then a longer-term relatively quiescent period
after primary system depressurization is completed.
During the period of high turbulence, debris
transported from the drywell to the suppression pool
would undergo mixing and, potentially,
fragmentation. In addition, any debris previously
located on the suppression pool floor likely would
be resuspended. During the quiescent period,
debris would gradually settle to the suppression
pool floor. These phenomena govern the transport
of debris within the suppression pool, thereby
determining the type, quantity, and form of debris
deposited onto the strainers.

To study these debris behaviors, a test apparatus
was designed that would simulate a Mark I
suppression pool on a reduced scale. The fibrous
debris sedimentation tests are discussed in Section
5.2.3.1, and the RMI debris sedimentation tests are
discussed in Section 5.2.3.2.
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5.2.3.1 Fibrous Debris Sedimentation Testing

Test Objective
The overall purpose of the suppression pool tests
was to provide insights into debris transport within a
suppression pool following a LOCA." However,
the underlying processes are too complex to be
addressed by a single set of experiments. Based
on scoping studies and discussions with experts in
related fields, the phenomena selected for further
study were:

* debris transport and sedimentation within the
suppression pool during the high-energy phase
that would immediately follow a medium loss of
coolant accident (MLOCA) and

• debris transport and sedimentation within the
suppression pool during the post-high-energy
phase.

The high-energy downcomer oscillations for a
LLOCA would be driven initially by condensation
oscillations for a relatively short period of time
(about 30 s) and then be followed by chugging for
the remainder of the blowdown phase. Because
the condensation phase would be relatively short
and more difficult to simulate experimentally, the
tests focused on the chugging phase.

The primary focus was to obtain debris-settling-
velocity data to support analytical evaluations,
specifically analyses applicable to the potential for
strainer blockage in the BWR reference plant
analysis.59 Because the insulation used to insulate
primary system piping in the reference plant
consisted predominantly of LDFG mats, the debris
beds formed on the reference plant strainers were
expected to consist primarily of accumulated
fragments of LDFG insulation with particulate debris
embedded within its fibers. Therefore, LDFG debris
and particulate debris with the characteristics of
suppression pool sludge were used in these tests.

Test Apparatus and Instrumentation
A water tank designed to simulate a segment of a
Mark I BWR suppression pool was constructed of
steel with the appropriate lower curvature. The tank
sidewalls of the segment were made of Plexiglas to
provide complete visibility of the debris in motion.
Turbulent chugging associated with steam-water
oscillations (condensation oscillations) during
depressurization of the primary system was
simulated in these tests by including four 1 0-in.
(0.25-im) diameter downcomers fitted with pistons.
One of the downcomers was constructed of

Plexiglas to facilitate visualization of debris trans-
port. The test apparatus is shown in Figure 5-1.

The geometric scale of the tank was 1 to 2.4, and
the radius of the test tank was 13.5 ft (4.11 m). The
spacing between the downcomers and their
clearance with respect to the floor were also scaled.
The front and back walls were spaced one-half the
distance to the next pair of downcomers in either
direction. Hence, the water volume of the tank per
downcomer was scaled to the volume per
downcomer of a typical BWR Mark I suppression
pool.

The pool dynamic conditions associated with the
high-energy phase of a MLOCA are usually referred
to as "chugging." Chugging occurs when water
reenters the downcomers as a result of decreasing
steam flow, thereby condensing steam. The build
up of noncondensable gases would subsequently
push the water from the downcomers until sufficient
noncondensable gasses escapes the downcomers
to initiate another cycle. Energy input to the
suppression pool during chugging was based on
data obtained by General Electric (GE) in a full-
scale test of a Mark I containment at their full-scale
test facility (FSTF).-" 0 Two types of chugging
behavior were observed in test data for a MLOCA.

* Type 1, where the neighboring downcomers
oscillated in phase, i.e., oscillations were
synchronized.

* Type 2, where the oscillations were relatively
unsynchronized.

Because Type 1 chugging was deemed more
prototypical of MLOCA, only Type 1 chugging was
studied in these tests. All downcomer pistons
oscillated in phase to simulate Type 1 chugging.
For several Type 1 chugs, the FSTF tests provided
pressure measurements within a downcomer.
Because GE did not measure the actual kinetic
energy imparted to the suppression pool during
each chug directly, an analytical model was devised
to deduce the energy from the measured chugging
pressures. This model was then used to estimate
both the chugging period of the downcomer
oscillation and its amplitude of two-phase level
movement. Because the dynamics of chugging
changed continuously during primary system
depressurization, the period and amplitude were
estimated for the initial, middle, and later stages of
chugging. Further, these estimates were modified
to reflect scaling considerations.
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Figure 5-1 Suppression Pool Sedimentation Test Apparatus

The test facility included a series of sampling ports
to allow concentrations of sampling debris at five
equally spaced vertical locations at the center of the
tank. The samples were filtered, dried, and
weighed so that the concentrations could be
expressed as the mass of debris per unit mass of
water. A debris classification system was devised
that classified pieces of debris into seven groups

Test Data
Fourteen parametric tests were conducted to
examine a variety of test conditions. The test
parameters included

* the type, form, and quantity of insulation debris
tested;

* the quantity of sludge tested; and
* the period and amplitude of the downcomer

piston chugging.

Within the ranges of tested parameters, the data
exhibited the following trends

* Both the fibrous and particulate debris
remained fully mixed in the tank during
simulated chugging at all energies tested,

resulting in uniform vertical concentration
profiles.
Turbulence-resuspended debris initially
deposited onto the suppression pool floor
during simulated chugging at all energies
tested.
Fibrous debris underwent further fragmentation
into smaller sizes, including individual fibers, at
all energies tested. In general, the
fragmentation occurred near the downcomers
where the fibrous debris was subjected to cyclic
shear forces from the downward jet and
ingestion into the downcomer.
Visual observations suggested that turbulence
decays within a few minutes after termination of
chugging simulation, thus enabling post-high-
energy-phase debris settling In the post-high-
energy phase, the vertical concentration profiles
were slightly nonuniform. The ranges of settling
velocities in calm pools (terminal velocity) are
listed in Figure 5-2 for each debris size
classification. The terminal settling velocity for
fibrous debris is shown in Figure 5-3 as a
function of debris weight

5-13



- Strainer
a Settling Velocity in Filtration

Description Settling Characteristics Calm Pools Efficiency
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cylinders of varying LID. velocity of a tumbling cylinder in still 0 5 - 2 54 cm long fibers

water.

Single flexible strand of fiberglass. Difficult to calculate drag forces due to Same as above Nearly 1 0

2 essentially acts as a suspended strand. changing orientation of flexible strand.

Mulple attached or interwoven strands This category is suggested since this 0 04 It/s - 0 06 ftts 1 0 (measured)

that exhibit considerable flexibility and dass of fibrous debns would likely be (measured)

3which due to random orientations most susceptible to re-entrainment in
3 induced by turbulence drag could result the recirculation phase if turbulence

in low fall velocities. and/or wave velocity interaction
becomes significant.
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different methods by various the largest two sizes in a three size
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Larger dumps of fibers. Forms an Few of the peces generated in PCI air 0 16 - 0.19 fs 1 0 (measured)

intermediate between Classes 5 and 7. blast tests consisted of these debris (measured)

Precut pieces (i e. .25" by 25) to Dry form geometry known, wilt ingest 0 25 ft/s 1 0 (estimated)
imulate small debris Other water, should be able to scope fall (calculated)
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Figure 5-2 Fibrous Debris Classifications
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* Measured concentrations showed that fibrous
debris settled slower than the sludge and that
the settling behavior of each material is
independent of the presence of the other
material.

These results were deemed equally valid for other
phases of accident progression and other sizes of

LOCAs. These tests showed that the assumption
of considering uniform debris concentration during
strainer calculations is reasonable. However, it
must be noted that the continuous operation of the
recirculation ECC and the RHR systems in an
actual BWR would add additional turbulence to the
pool and that this type of turbulence was not
considered in these tests. Therefore, applying
these data to an actual plant analysis requires
engineering judgment.

5.2.3.2 Reflective Metal Insulation Debris
Sedimentation Testing

The potential for RMI debris transport within a
suppression pool to an ECCS pump suction strainer
was experimentally demonstrated. RMI debris that

was transported from a BWR drywell into a
suppression pool would undergo mixing during the

period of high turbulence. Debris would settle to
the suppression pool floor during the quiescent
period. These phenomena govern the transport of
debris within the suppression pool, thereby
determining the quantity of RMI debris deposited
onto the strainers.

Test Objective
The RMI test objective was similar to that of the
fibrous debris sedimentation tests.-11 The overall
purpose of the RMI suppression pool tests was to
provide insights into RMI debris transport within a
suppression pool following a LOCA. RMI debris
transport and sedimentation within the suppression
pool were studied both during the high-energy
phase that would immediately follow a MLOCA and
during the post-high-energy phase. A primary focus

was to obtain debris-settling-velocity data to support
analytical evaluations.

Test Apparatus and Instrumentation
The test apparatus used in the RMI debris testing
was the same as the apparatus used in the
fibrous debris testing described above. The RMI
debris used in these tests was debris generated by

the SIEMENS large-pipe-break debris-generation
test." 1'

Test Data
Still-water debris-settling tests were performed on
individual pieces of RMI debris with representatives
from each of six size groupings. Each piece was
placed individually in the suppression pool test tank,
and its time to settle a known distance was
measured. For all sizes less than 6 in., the mean
settling velocity was about 0.12 m/s (0.4 ft~s). The
large 6-in. pieces settled about 20% slower than the
smaller pieces.

Chugging energy and RMI debris size were varied
to determine their effect on RMI debris suspension.
Figure 5-4 is a photo of 6-in. pieces of debris in
suspension during chugging. Approximate settling
times after the simulated chugging ended were
recorded for various sizes of RMI shreds.

Approximately 2/3 of the RMI pieces remained
suspended at the higher energy levels, whereas
-1/2 of the pieces remained suspended during the
lower energy chugging phase. The effect of
residual turbulence on settling times was significant
for the small RMI debris. After chugging, the
turbulence decayed away, allowing settling to
occur. In the turbulent pool after chugging stopped,
the larger RMI debris (2- to 6-in. category) settled
up to two times faster than the smaller RMI debris
(0.25- to 0.5-in. category). All RMI debris settled
within 2 min after chugging ceased. The settling
time after simulated chugging ended was
independent of chugging energy. The
concentration or density of debris pieces did not
affect settling rates within the range of
concentrations tested. However, for concentrations
larger than about 2 gIft3, inter-action between RMI
shreds on the floor of the tank somewhat inhibited
re-entrainment during simulated chugging. Note
that because suppression-pool ECCS flow
recirculation was not simulated in these tests, these
results do not consider the effects of recirculation
on material settling or possible resuspension.

5.2.4 Alden Research Laboratory Reflective
Metallic Insulation Materials Transport
Testing

The ARL RMI testing was sponsored by the NRC to
support the resolution of Unresolved Safety Issue
A-43, "Containment Emergency Sump
Performance." ARL investigated the transport
characteristics of RMI assemblies and parts thereof
in flowing water. 5 2 The investigation is
summarized in the following paragraphs.
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Figure 5-4 Typical Large (6-in.) RMI Debris in Suspension During Chugging

Objective
The study was aimed at determining

* the flow velocities needed to initiate the motion
of sunken pieces of RMI, either entire jackets or
components thereof and either basically
undamaged or crumpled;

• the effects of interaction between multiple
pieces of RMI or between RMI pieces and flow
boundaries; and

* the screen blockage modes, i.e., the ways in
which pieces of RMI would collect on and block
a vertical PWR sump screen.

Methodology
The pieces of RMI tested were either components
of a 36-in. long insulation assembly for a 10-in. pipe
furnished by the Diamond Power Specialty
Company or sheets of stainless-steel foil of different
thicknesses. The tests were conducted in a 6-ft
wide, 6-ft deep, and 40-ft long flume. Water was
introduced at one end of the flume behind a flow-
straightening plate and was maintained at a depth
of 32 in. At the downstream end of the flume, a
screen and trash rack similar to those used around
recirculating sumps were erected vertically across
the full width. The screen was made of 1/16-in. wire
with a %-in. mesh directly behind a standard 1-in.
floor grating with its more closely spaced bars
oriented horizontally.

The samples of RMI were placed in the flume
approximately 20 ft upstream of the trash rack and
screen. Flow velocity then was gradually increased,
and the velocity at which a sample started to move
was recorded. If a sample stopped, and judgment
was made that it would not move further, flow
velocity was increased until further movement was
observed. The minimum flow velocity that caused
movement all the way to the screen was recorded
as the transport velocity for a sample.

Key Findings
Transport Velocities
* As-fabricated RMI units required water

velocities of 1.0 ft/s or more to move.
* Single sheets of thin stainless-steel foil used in

RMI (0.0025 and 0.0040 in. thick) can be
transported by water flow velocities as low as
0.2 to 0.5 ft/s. Single sheets of thicker foil
(0.008 in.) require higher velocities for transport
of about 0.4 to 0.8 ft/s.

* Crumpled foils tend to transport at lower
velocities than flat foils.

* Transport velocity tends to increase with
material thickness except for easily flexible foils,
where the thickness dependence is smaller.

* In all cases, the velocity of motion of the sample
is much lower than that of the flow.
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Transport Modes
* Transport at lower velocities occurs when the

foil sheet is flexible enough that a corner or
edge can be bent up by the flow, thereby
increasing the frontal area and therefore the
drag. The resulting motion is one of intermittent
folding, tumbling, and rolling.

* Rigid pieces tend to be transported by sliding
along the bottom. Rigidity can result from
greater thickness (0.008 in. and above) or small
size (less than about 12 in. x 12 in. for 0.0025-
in. foil). Higher flow velocities typically are
needed for transport of rigid pieces than for
transport of flexible pieces.

* Even with high flow velocities (about 2 ftls) and
large water depths (60 in. but velocity of only
1.6 ftls), the samples were never observed to
become waterborne.

* The vertical sides of the flume were observed to
hinder the transport of samples. Samples
contacting a wall were often pushed and folded
against it, needing higher flow velocities to
dislodge.

* When several pieces of foil were released
simultaneously, their interaction during
transport often caused the pieces to jam and
become immobilized. High flow velocities (up to
1.8 ftls) then were required to break up the
jams and resume the transport.

Blockage Modes
* Most foils readily flip vertically against the

screen upon arriving there. Whether originally
crumpled or not, the foils become flattened
against the screen by the water force. An
exception here is thicker foil (0.008 in.), which
remains crumpled. The more flexible foils often
become folded on the screen, blocking less
than their surface area. The large 0.008-in.-
thick foils, which exhibited rigidity relative to
their transport mode but whose dimensions
were larger than the water depth, often folded
on the screen with a portion being caught under
the trash rack.

* Because insulation specimens never became
waterborne, they never blocked the screen
above their width or length. Blockage up to the
diagonal height was never observed, but this
may be because the water depth was less than
that height.

* When several foil pieces were released
simultaneously, significant overlap was
observed on the screen so that even if the total
foil area was larger than the screen area (1.6 to
2.2 times), the screen was never blocked fully
(only up to about 80% of the area was blocked)

Limitations
* All the tests, except one for waterborne

transport mode checking, were done with a
water depth of 32 in. This depth was used to
allow comparison with earlier studies; however,
the depth could have an effect on the blockage
modes because the characteristic dimensions
of the pieces of RMI debris were less than the
depth of the water.

* The flume width was only 6 ft. It is possible that
sidewall effects could be present in the
observed blockage modes. Because the
sidewalls were observed to hinder transport,
screen sections near the walls could have had
a reduced probability of becoming blocked.

5.2.5 University of New Mexico Separate
Effects Debris Transport Testing

LANL and the University of New Mexico (UNM)
conducted debris-transport experiments in the UNM
Open-Channel Hydrology Laboratory. 545 3 The
experiments were sponsored by the NRC Office of
Regulatory Research as part of a research program
supporting resolution of GSI-191. Measurements
were made of the fundamental transport properties
of various types of thermal insulation and other
debris that could be generated as a consequence of
a LOCA involving a PWR. The experiments and the
results obtained are summarized below.

Objectives
The overall purpose of the debris-transport
experiments was to provide data to aid in assessing
the potential effect of dislodged insulation and other
debris on ECCS recirculation through the
emergency sump. The specific objectives of the
experiments were to measure the following proper-
ties for several types of insulation and other debris.

* Settling velocity-the terminal velocity of a
material as it falls through water under the
influence of gravity

* Flow velocity at incipient motion (tumbling or
sliding) of sunken material-the minimum flow
velocity required to initiate tumbling of the
smaller pieces (within a given size class) or the
pieces with special shapes that provide higher
drag coefficients

* Flow velocity at bulk motion of sunken
material-the flow velocity required to induce
tumbling of a given class of debris

• Flow velocity required to convey material over a

curb
* Flow velocity required for retaining debris on a

screen after it's deposited there.
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* The dissolution and erosion of debris,
specifically calcium silicate insulation debris.

Methodology
The debris transport experiments used two flumes,
one smaller than the other. The smaller flume had a
10-ft-long, 1-ft-wide, and 1.5-ft-high test section and
a maximum water depth of 1 ft. The larger flume
had a 20-ft-long, 3-ft wide, 4-ft-high, test section.
The larger flume was used in the majority of the
experiments. The smaller flume was used to study
the transport of calcium silicate debris and paint
chips because

(1) it was easier to clean debris from the smaller
flume than from the larger flume and

(2) smaller debris was easier to see in the narrower
test section of the smaller flume.

The advantage of the larger flume was its capacity
to accommodate larger scale turbulent flow
structure and larger test specimens (e.g., intact RMI
cassettes).

Both of the flumes had structures to condition the
inlet flow such that a uniform unidirectional flow
resulted in their test sections. To investigate the
influence of turbulent flow structure on debris
transport, the inlet flow conditioning structures in
the large flume were removed in some experiments.
The flow velocity in the flume was taken to be that
associated with the measured volumetric flow of the
pump spread uniformly over the flow section of the
flume.

In some experiments, boards were placed on the
floor of the flume across the width of the test
section and directly in front of the screen to form a
curb. The curbs were either 2 in. or 6 in. high and
2 in. long in the direction of flow. Photographs and
diagrams of the larger flume used for the majority of
the debris transport tests are shown in Figures 5-5
through 5-7.

A 34-in. long, 1 0-in.diameter graduated, transparent
pipe stood on end, blanked off at the bottom, and
filled with water served as a settling column for
measurements of debris settling velocity.

The types of debris tested included LDFG, RMI,
and calcium silicate insulations, Marinite fire-barrier
material, and paint chips. Three makes of LDFG
insulation were investigated: Nukon®, Thermal-
Wrap, and Kaowool. Two types of RMI insulation
were investigated: aluminum and stainless-steel
RMI. The transport characteristics of epoxy-based
paint chips ranging in size from 1/8 in. square to

2 in. x 1 in. were investigated. The chips had a
median thickness of 15 mil. It may be important to
note that the paint chips used in the transport tests
may not have been prototypical of those that might
be found in a containment pool;3 however, these
tests provide insights into their transport
characteristics. Photos of typical samples of LDFG,
RMI, and paint chip debris are shown in Figures 5-8
through 5-10, respectively.

Key Findings
The transport data from the separate-effects tests
are summarized in Table 5-1; flow dampening was
used in the tests and illustrated in a series of bar
charts. Characteristics ranged from the buoyant
behavior of silicone to that of Marinite board, which
readily sank. Figure 5-11 shows a comparison of
terminal settling velocities for a variety of insulation
debris types and paint chips. It should be noted
that sizes and forms of debris different from the
debris tested might not fit within these ranges; for
example, individual fibers of LDFG tend to settle
very slowly if at all.

The transport of debris moving along a floor was
characterized by the flow velocity required to move
the debris across the floor, which is referred to as
the tumbling velocity, and the velocity required to
cause the debris to jump an obstruction (curb),
which is referred to as the lift velocity. These
velocities were measured for onset of movement,
i.e., incipient motion, and for bulk or mass
movement of debris. The bulk and incipient
tumbling velocities are compared in Figure 5-12,
and the incipient lift and tumbling velocities are
compared in Figure 5-13. Again, these data are for
conditions of uniform flow velocities and low levels
of flow turbulence. When lift velocities over a curb
were measured, the curbs were free of other
debris4. For most debris, the velocity differences
between incipient and bulk motion were not
substantial; that is, after the debris started to show
movement (incipient), a relatively modest increase
in velocity induced bulk movement of debris.

3Because of the wide variety of paint chemical
compositions and wear conditions (new, aged,
irradiated, etc.) and paint failure mechanisms (dimpled,
curled, flaked, powdered, etc.), a spectrum of paint
chips sizes, shapes, and compositions could be involved
in a LOCA scenario, i.e., a prototypical paint chip
sample is difficult to define.

4 The effect of debris accumulation upstream the curb on
the lift velocity was not investigated. It is likely that
debris would lift over the curb more easily if
accumulated debris first forms a sort of ramp upstream
the curb.
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Figure 5-5 Photo of Large UNM Flume Test Apparatus
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Figure 5-6 Diagram of Large UNM Flume Test Apparatus
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Figure 5-7 Photo of Large UNM Flume Inlet Flow Conditioning Apparatus

Figure 5-8 Typical Test Sample of LDFG Insulation Debris
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Figure 5-9 Typical Test Sample of Aluminum RMI Insulation Debris

Figure 5-10 Typical Test Sample of Paint-Chip Debris
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Table 5-1 Summary Data for Diffused Flow Entry Inlet Conditions

Terminal 
Screen

Debris Settling Tumbling 2-in. Curb 6-in. Curb Retention

Type Velocity Velocities Lift Velocity Lift Velocity Velocity

ft/s ft/s ftsft/s ft/s

Incipient Bulk Incipient Bulk Incipient Bulk

Calcium silicate 0.13 to 0.17 0.25 0.35 No Data No Data No Data No Data No Data

Paint Chip 0.08 to 0.19 0.40 0.45 0.50 > 0.55 No Data No Data No Data

Al RMI 0.08 to 0.21 0 20 0.25 0.30 No Data 0.37 No Data 0.11

SS RMI 0.23 to 0.58 0.28 0.30 0.84 No Data > 1.0 No Data 0 12

Nukon 0.13 to 0.41 0.12 0.16 0.25 No Data 0.28 0.34 0.05

Thermal-Wrap 0.08 to 0.22 0.12 0.16 0.25 0.25 0.30 No Data 0.04

Kawool 0.15 to 0 30 0.12 0.16 0 25 0.25 0.41 0.41 No Data

Mannite Board 0.44 to 0.63 0.77 0.99 No Data No Data No Data No Data No Data

Silicone Foam Always Floats N/A N/A N/A N/A N/A N/A N/A
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Figure 5-11 Comparison of Terminal Settling Velocities
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Figure 5-12 Comparison of Incipient and Bulk Tumbling Velocities
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Figure 5-13 Comparison of Incipient Lift Velocities to Incipient Tumbling Velocities
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The flow velocity needed to keep a piece of debris
on the screen was less than the velocity needed to
initiate transport of the debris on the screen. After
debris arrives at the screen, it generally can be
expected to stay on the screen.

The disintegration characteristics of calcium silicate
insulation were investigated. Experiments were
performed in which single fragments of calcium
silicate were weighed and then dropped into three
different water baths. One bath was maintained at
ambient temperature (approximately 20'C), a
second was maintained at elevated temperature
(approximately 80"C), and a third was maintained at
elevated temperature with occasional stirring. The
fragments were subjected to these conditions for 20
min, after which the water was drained and the
residue was dried and weighed. In the ambient-
temperature bath, 18% of the calcium silicate
separated from the original sample and went into
suspension. Although not ascertained through
weighing, stirring the water (after the 20 min of the
test had passed) seemed to have little effect on the
disintegration. In the 800C bath, 46% of the calcium
silicate separated from the original sample and
went into suspension. Clearly, hot water furthered
disintegration. In the 800C bath with occasional
stirring, 76% of the original sample disintegrated
into suspension. Clearly, stirring furthered
disintegration in the case of hot water.

Pieces of Marinite were submerged in boiling water
for 30 min to investigate the tendency of the
material to disintegrate. The Marinite became soft
and rubbery on the surface but did not disintegrate.
Small amounts of material could be pulled from the
surface but not especially easily. As such, it was
conjectured that the levels of agitation that might
develop in a containment pool would not cause
Marinite material to disintegrate.

The transport properties of silicone foam insulation
were also investigated. The foam was found to be
entirely resistant to sinking. In the flume, foam
insulation fragments floated on the surface and
moved with the flow.

Limitations
The debris transport tests had few limitations,
discussed in the following paragraphs.

Most of the experimental data taken applies to flow
fields where the turbulence has been damped out
and the flows are uniform. Some data were taken
where the dampeners were removed from the tests
to qualitatively determine the effect of turbulence on

debris transport and turbulence was shown to
enhance debris transport. However, no method
was identified to quantitatively evaluate the effect of
turbulence in an actual PWR sump pool.

The paint chip samples used in the transport tests
were not taken from a PWR containment, and the
samples were not pretreated in such a way to make
them representative of actual containment paint.
Actual paint likely would have aged and perhaps
have been irradiated. There are many types of
paints used in containment and under a variety of
environmental conditions. The data matrix (Table
5-1) was not filled completely.

The effect of debris accumulation upstream the
curb on the debris lift velocity was not investigated.

5.2.6 University of New Mexico Integrated
Debris Transport Testing

Experiments were conducted to examine insulation-
debris transport under flow conditions and
geometric configurations typical of those found in
PWRs.5 3 These experiments, which were
sponsored by the NRC as part of a comprehensive
research program to support the resolution of
Generic Safety Issue (GSI) 191, were conducted by
LANL at the Open-Channel Hydrology Laboratory
operated by the University of New Mexico. The
integrated testing was performed using a large tank
with provisions to simulate a variety of PWR
containment/sump features. The test program was
designed to explore the effect of various
containment internal structures on debris transport
and from that draw inferences on the features of
containment that could affect debris transport
significantly. These tests were not planned to be
"scaled" tests; instead, the focus was to simulate
the sequential progression of various phases of
accident progression and examine the overall effect
on debris transport. The integrated phenomena
included debris transport during the fill-up phase
(i.e., while the sump and tank were being filled) and
after steady-state conditions were achieved (i.e.,
water flow from the break is equal to the flow out
the sump).

The integrated debris transport tests provide data to
support the development and/or validation of
appropriate analytical simulation models designed
to evaluate debris transport in a PWR containment
sump on a plant-specific basis. For example, the
tests developed data that could be used to
benchmark computational fluid dynamics (CFD)-
based simulations supporting estimates of debris
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transport in water pools formed on PWR
containment floors. The insights gained from these
tests specifically include the relative inmpo6iance of
the various debris transport mechanisms and
containment geometry features, such as the
important features of the containment layout and
sump positioning that affect debris transport and
accumulation on the sump screen. The physical
processes and phenomena to which the
observations pertain include flow patterns and flow
turbulence, debris floatation, gravitational debris
settling, the transport of debris along the pool floor,
debris entrapment mechanisms, re-entrainment or
retention of trapped debris, and disintegration of
debris within the pool. The debris used in the test
program included primarily fiberglass and RMI
debris of different sizes and shapes. The debris
was of sufficiently small size not to be affected by
the scaling issues.

Objectives
The experimental program was designed primarily
to complement concurrent CFD calculations by
providing three-dimensional data for validating the
CFD results. The experiments had three objectives.

* Provide debris-transport data and velocity field
data that can be used to validate CFD
calculations pertaining to three-dimensional
transport phenomena in water pools formed on
PWR containment floors.

* Identify features of containment layout and
sump positioning that could affect debris
transport to the sump and debris accumulation
on the sump screen.

* Provide insights for developing a simple method
(or criteria) that could be used for each plant-
specific configuration to conservatively attest to
its safety. Such methods potentially could be
used in lieu of complex analyses (e.g., CFD),
and may consist of performing small-scale
experiments and/or one-dimensional (1-D) flow
calculations, similar to those suggested in Ref.
5-14.

Setup
The tests were conducted in a steel tank that was
13 ft in diameter, and 2.5 ft deep, and open at the
top, as shown in Figure 5-14. The floor of the tank
was covered with high-strength concrete and
leveled. The floor and the tank inner surfaces were
coated with epoxy paint typical of PWRs. An outlet
box designed to simulate a PWR containment
recirculation sump was installed as shown in
Figure 5-15 to drain water from the tank. The outlet
box is 30 in long, 14.5 in. wide, and 20 in. deep

with a volume of 5.3 ft3 (approximately 40 gal.).
Water was pumped at variable speeds into the test
tank from a belotb-floor reservoir by an overhead
pipe and, in some tests, through a coarse diffuser
designed to reduce inlet flow turbulence. The tank
was drained at the outlet box after water flowed
through the outlet screen that was used to collect
debris transported to the outlet box. Debris
collected on the outlet screen (both horizontal and
vertical orientation were investigated) provided
quantitative measurements of (a) the amount of
debris that reached the sump screen and (b) the
location of the remaining debris on the tank floor.
Qualitative velocity mapping included local velocity
measurements during steady state.

Structures were placed in the tanks that were
designed to simulate the floor features of a typical
PWR containment sump and to simulate this type of
variability in PWR containment sump geometries.
The location of the inlet pipe, one of the primary test
parameters, was varied during the course of testing,
resulting in three test configurations, A, B, and C,
as shown in Figures 5-16, 5-17, and 5-18,
respectively. In the latter tests, the interior walls
nearest to the outlet box were removed to simulate
an exposed sump condition, resulting in
Configuration D as shown in Figure 5-19. In
Configuration A, the inlet pipe was located well
away from the outlet box, and the inlet pipe in
Configuration D was located near the outlet box,
thereby effectively simulating a remote sump and a
fully exposed sump, respectively.

Methodology
The tests conducted during the course of the test
program were broadly divided into three categories
according to their purpose. The first category
examined debris transport in the tank as it filled with
water for a variety of insulation debris types and
surrogate tracer particles. In these fill-up tests,
debris was placed on the floor of the tank before the
tank was filled. The second category of tests was
designed to provide insights into the short-term
transport of LDFG insulation debris. These tests
were carried out over a period of 30 min and
measured the fraction of debris that reached the
outlet in that time. Several parameters were varied
in the conduct of these tests that allowed test-to-
test comparisons in which a single specific variable
was altered. The third group of tests was carried
out over an extended period (up to 6 h) to study the
longer-term transport of LDFG debris in a
configuration of the tank that tended to keep the
debris stirred up (i.e., where the tank outlet was not
far from the falling water stream entering the tank).
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Figure 5-14 Steel Tank Used in Integrated Testing

Figure 5-15 Integrated Test Tank Outlet Box
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Figure 5-16 Test Configuration A Figure 5-17 Test Configuration B

Figure 5-18 Test Configuration C Figure 5-19 Test Configuration D
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Of particular interest was the transport of fine
debris. These longer-term tests provided time-
dependent transport data. Data from selected tests
were compared with CFD simulations of those tests
to provide both further insights into the test results
and insights into the ability of a CFD code to predict
the complex flow patterns of the test. These
simulations are addressed in Section 5.3.6.

Key Findings
The integrated debris-transport test program
provided data for various combinations of inlet
conditions, four geometrical configurations, two
screen configurations, and different debris types.
The conditions of the tests establish quiescent,
turbulent, and rotational flow regimes within each
test. Two phases of debris transport were
examined: (1) debris transport during the period
when the sump is filling with water and then (2)
debris transport after the pool has filled. Important
insights, observations, and findings from the test
program include the following.

* Debris transport depended greatly on the
buoyancy of each piece of debris. Fragments
of buoyant foam insulation confirmed that truly
buoyant debris simply floated across the top of
the water surface until it reached either a
quiescent region, where it remained, or the
outlet screen. Neutrally or near neutrally
buoyant debris stayed suspended in the pool
even when the water was relatively quiescent.
The most notable neutrally buoyant debris was
the individual fiber or small clumps of fibers
from fibrous insulation, which did not settle any
place in the tank within the time frame of the
tests. In the absence of significant pool
agitation, nonbuoyant debris sank to the bottom
of the pool, where its transport was a result of
tumbling and sliding across the floor when the
flow velocities were sufficiently high. Floor-level
obstacles, such as a shallow barrier placed
across the annulus, affected floor debris
transport.

* Debris transport occurred in two phases:
(a) the fill-up transport phase, which is

analogous to the pre-ECCS switchover
containment sump fill-up phase, and

(b) the steady-state transport phase, which is
representative of post-switchover
conditions.

Debris placed initially on the tank floor before
pump flow began underwent transport
associated with the initial fast-moving flows as
the tank began to fill, as well as undergoing
steady-state pool transport after the tank

reached steady state (and all intermediate flow
conditions). In contrast, debris introduced after
the steady-state pool was established was
subjected simply to steady-state pool transport.
Depending on the test configuration, the
spreading of the fill-up transport phase inlet flow
demonstrated the ability to push debris away
from the outlet screen or toward the screen,
thereby either reducing or enhancing the
debris-transport fraction. The fill-up flows also
pushed debris into relatively quiescent inner
compartments, where the debris tended to
remain for the duration of the test.

* Pool turbulence associated with the inlet flow
kept most small debris, including RMI debris,
near the inlet in suspension and rather well
mixed and further degraded fragile insulation
fragments. The effect of the turbulence lessens
with distance from the inlet, and all but the finer
(nonbuoyant) debris settled to the sump floor
before reaching the sump as the turbulence
subsided. The distance required for the
turbulence to dampen was dependent on the
test configuration. With the inlet near the outlet
screen, the turbulence of the inlet flow affects
the accumulation of debris on the screen. In
addition to keeping debris in suspension near
the screen, turbulence could remove
accumulated debris from the screen. Debris
could be returned to the screen repeatedly,
thereby increasing the residence time of the
debris within the turbulence and enhancing
further disintegration of the debris.

* Several of the containment features and
structures represented in the integrated tests
offered the potential for debris entrapment
because of the rather complex flow patterns
that these features established in the pool.
Entrapped debris was observed in quiescent
regions, such as inner compartments not
associated with the inlet location, regions offset
from the main flow, the centers of rotational flow
(vortices) formed by flow-path expansion, and
behind floor barriers. Debris stopped behind a
barrier was likely to remain there unless the
flow velocities and turbulence were sufficient to
lift it over the barrier.

* LDFG insulation debris was found to undergo
significant additional fragmentation when it was
subjected to the intense, thrashing flow
agitation associated with the inlet flow
plummeting into the pool. Disintegration
appeared to increase when the experiments did
not use a flow diffuser and the insulation debris
was added to the tank very close to the inlet.
Such disintegration affects debris transport and

5-28



head loss because it results in the generation of
additional fine debris that remains suspended
even at low levels of pool turbulence. In
addition to LDFG, calcium silicate insulation
would undergo substantial disintegration. In the
separate-effects tests, calcium silicate
fragments were found to dissolve, resulting in a
fibrous residue that can be transported easily.
The chemical environment may accelerate this
disintegration further.
The beds of LDFG debris that formed on the
outlet screen generally consisted of the
accumulation of fine fibrous debris that normally
remained suspended in the pool and of small
pieces of debris that accumulated at the bottom
of the screen and then occasionally 'rolled up"
onto the screen. Although the relative
contributions of the two processes could not be
determined explicitly, observations suggested
that the quantities of accumulated fine,
suspended debris were substantially greater
than the quantities of debris transported across
the floor. Because the fine debris remained
suspended and reasonably well mixed in the
tank pool, it tended to form a uniform layer
across the entire cross section of the screen
(that was under water), but the occasional roll-
up pieces of debris contributed to its lumpiness.
The approach velocities in the integrated tank
tests (about 0.11 to 0.14 ftls) were normally
high enough to move pieces of LDFG along the
floor to the outlet screen but were generally not
high enough to lift a piece of LDFG from the
floor to positions higher on the screen.
Pulsations associated with flow turbulence
occasionally provided the needed boost to lift a
piece of debris onto the screen. If sufficient
debris were to accumulate at the bottom of the
screen to clog the bottom portion of the screen,
the approach flow could be redirected upward
at the floor level; this redirection could enhance
debris lifting.
RMI debris-transport tests indicated that the
most important aspect of evaluating RMI debris
transport is probably the transport during the fill-
up phase, when the transport velocities
associated with the fast-spreading flows can
effectively push substantial RMI debris in the
direction of the flow. Both stainless-steel RMI
and aluminum RMI debris was pushed readily
either toward the outlet screen or away from it,
depending on the test configuration. After the
tank became sufficiently flooded to slow water
flows, the RMI did not substantially transport at
the tank velocities normally tested. Pieces of
RMI debris that were dropped into an

established steady-state pool sometimes
floated a significant distance before sinking
because air was trapped within the debris.

* Tests of an intact RMI cassette and an
insulation pillow showed the ability for fill-up
phase flows to transport these types of debris
toward a sump screen. These components
moved much more easily when dry than when
saturated with water. After they were saturated,
only the fill-up-phase flow velocities were fast
enough in the integrated tests to move these
intact items. In a PWR plant scenario, these
items could be transported some distance
during the fill-up phase until they become
saturated or the pool level deepens sufficiently
to slow the fill-up flow velocity. These types of
debris have potential to block pathways
connecting internal compartments.

* Comparisons of pool velocity measurements
and debris movement data with CFD
predictions provided a qualitative confirmation
that CFD codes are suitable for providing the
framework for modeling and analyzing debris
transport.

The primary use of the data generated from the
integrated test program should be the insights
gained regarding the transport of debris and the
accumulation of debris onto a sump screen. These
insights should be valuable in the development of
analytical debris-transport models. However, the
actual transport fractions should not be applied
directly to plant-specific analyses because there is
no apparent means of scaling those transport
fractions from the test geometry to an actual plant.
(See Section 5A.) Further, the flow velocities of the
actual plant could be substantially different from the
velocities of the integrated tests. Rather, the
models must apply the debris transport
phenomenology in conjunction with the separate
effects debris transport data to all of the individual
plant features for each specific plant. Another
potential use of the integrated test data would be to
use the data to benchmark a specific debris
transport model (e.g., a CFD-based simulation),
that is, show that the model can predict the
measured transport fractions of the integrated tests.

5.2.7 Bremen Polytechnic Testing of KAEFER
Insulation Systems

Extensive buoyancy, transport, and head loss tests
were conducted on KAEFER insulation systems by
Bremen Polytechnic, Department of Naval
Architecture and Ocean Engineering, Laboratory for
Ship Hydromechanics/Ocean Engineering.5 15 There
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is excellent photographic documentation of these
tests in the identified reference. The buoyancy and
transport aspects and the results of the experiments
are summarized below. The head loss aspects and
the results of the tests are not addressed here.

Objective
The objective of the buoyancy tests was to measure
the time taken for a material to submerge and the
additional time taken for a submerged material to
sink. The objective of the transport tests was to
determine the flow velocity needed to first initiate
movement of a sunken material, the velocity
needed to maintain motion of the material, and the
velocity needed to flip the material up against a
vertical screen.

Methodology
KAEFER Insulation Systems Tested
A representative collection of KAEFER insulation
samples was tested. All of the samples had been
conditioned by heating at 350"C for a minimum of
15 h. Mattresses of fibrous insulation and cassettes
of steel-encapsulated fibrous insulation of
rectangular and circular cross section were tested.
Base insulation materials of fiberglass and mineral
wool were investigated, as were RMI cassettes and
cassettes of steel-encapsulated silica. Three
sample types/sizes were tested:

* As-fabricated: 700 mm x 700 mm, 100 mm
thick (mattress or cassette)

* Fragments: As-fabricated samples cut in half
transversely to expose the base insulation
material

* Shreds: Base insulation material cut randomly
into smaller pieces no larger than 50 mm
square

Figure 5-20 shows the samples of KAEFER
insulation systems tested.

Test Setup
A 1-m-square, 0.8-m-deep tank was used in the
buoyancy tests. The water in the tank was
maintained at a temperature of 49"C (1200F). Two
differing chemical conditions of the water in the tank
were established. They are identified in Table 5-2.

De-ionized water was sprayed onto the insulation
samples continuously during the buoyancy tests.
The spray water was not heated.

A 14-m long, 1.4-m wide flume with a water depth
of 0.800 m was used to carry out the transport
tests.

Key Findings
The key findings of the buoyancy tests performed
on KAEFER insulation systems are identified below.
(Note that "remained afloat" means the material
was still floating after at least 2 h.)

* All as-fabricated mattresses sank quickly (18.2
to 45.5 s).

* Mattress fragments sank quicker than as-
fabricated mattresses (14.7 to 23.3 s).

* Mattress shreds sank in several seconds.
* As-fabricated cassettes with fibrous base

insulation remained afloat.
* As-fabricated cassettes with silica base

insulation remained afloat.
* Some as-fabricated RMI cassettes sank (18

to 37 min) and some remained afloat.
* Cassette fragments with fiberglass base

insulation remained afloat. This is inconsistent
with the findings above-that mattress
insulation material sinks quickly. The
inconsistency is thought to be related to
differences associated with the conditioning
(heating) of the samples. Although all samples
were heated for the same time at the same
temperature, it was noticed that the base
fiberglass insulation in cassettes had a much
darker color than the fiberglass insulation in
mattresses. The suspicion is that the darker
color is indicative of changed material
properties, including buoyancy characteristics.

* Fiberglass shreds removed from cassettes also
remained float.

* Cassette fragments with mineral wool base
insulation sank within a few minutes.

* Some cassette fragments with silica base
insulation sank (9 to 52 min) and some
remained afloat.

* RMI cassette fragments sank in several
minutes.

• Only insignificant variations with water pH were
seen.

Illustrative photographs of the buoyancy tests are
included in the Bremen report of the buoyancy
tests. Figure 5-21 is an example.

The key findings of the transport tests performed on
the KAEFER insulation systems follow.

As-fabricated mattresses began to show
movement at flow velocities between 0.15 and
0.33 m/s.
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Figure 5-20 Samples of KAEFER Insulation Systems Tested

Table 5-2 Water Chemical Conditions in KAEFER Insulation Buoyancy Tests

Chemical pH 7.0 pH 9.2

Boric acid 1800 ppm 1800 ppm

Sodium 84 ppm 2400 ppm
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Figure 5-21 Bremen Buoyancy Test Illustration

Mattress fragments began to move at velocities
between 0.19 and 0.27 m/s.
Fibrous insulation shreds began to move at
velocities between 0.06 and 0 26 m/s.

* As-fabricated cassettes with fibrous base
insulation began to move at flow velocities
between 0.04 and 0.15 m/s.

* Cassette fragments with fibrous base insulation
showed movement between 0.19 and 0.48 m/s.

* Fragments of cassettes having silica base
insulation and RMI cassettes showed
movement at flow velocities between 0.38 and
0.54 m/s

* The velocity required to maintain the motion of
a sample down the flume was typically slightly
higher than the velocity first noticed to cause
motion. The velocity required to flip material up
against a vertical screen was slightly higher still.

Limitations
There is substantial spread in the data reported on
the flow velocity needed to move seemingly very
similar KAEFER insulation samples. The
differences are not explained in the test report

5.2.8 Alden Research Laboratory Testing of
Owens-Corning Fiberglass (NUKON)
Insulation

Alden Research Laboratory conducted transport
and head loss experiments on nonencapsulated
NUKON®) insulation manufactured by Owens-
Corning Fiberglass Corporation.S' 6 NUKONO is a
LDFG thermal insulation widely used in nuclear
power plants. The transport aspects and results of
the experiments are summarized below. The head
loss aspects and results are discussed in Section 7.

Objective
The transport tests were aimed at determining the
flow velocity needed to initiate motion of sunken
NUKON®) insulation fragments of various sizes

Methodology
The tests were conducted in a 2-ft wide, 2-ft deep,
20-ft long flume Water was introduced at one end
of the flume behind a flow-straightening screen; it
exited at the other end over a gate of adjustable
height The gate was far enough downstream from
the test section to ensure a lack of velocity-profile
disturbance.

5-32



The samples of insulation of various sizes first were
sunk (which required prolonged squeezing under
water) and then were placed at the b6ttbro of the
flume. Flow was initiated, and the flow velocity at
which sustained motion of the samples occurred
was recorded. Velocity was measured
approximately 3 in. above the bottom of the flume.
The water depth was 1.5 ft.

Key Findings
Table 5-3 lists the flow velocities needed to initiate
motion of NUKON samples varying in size from
shreds to 12 in. x 12 in. x 2 in.
The velocities needed to initiate motion of the
insulation samples were rather independent of
sample size, although a trend toward higher
velocities for larger sample sizes can be detected.

Limitations
The test report did not discuss pretreatment of
debris samples before they were introduced into the
water. The report did state that prolonged
squeezing of the samples under water was required
to induce the samples to sink. More recent testing
pretreated samples in heated water for a significant
period to removed trapped air before introducing
them into the test. Possible residual air trapped in
the debris samples of these tests could have
compromised the test results.

5.2.9 STUK Metallic Insulation Transport and
Clogging Tests

A set of experiments investigating the transport
characteristics and strainer-clogging potential of a
specific type of RMI debris was carried out in the
Imatran Voima Oy (IVO) Power Plant Laboratory for

the Finnish Centre for Radiation and Nuclear Safety
(STUK).F 7 The following summary of the experi-
ments is adapted from the reference cited above.

Summary
A series of experiments was conducted to quantify
the transport characteristics and strainer-clogging
potential of RMI debris. The experiments
investigated DARMET insulation, the brand of
metallic insulation that has been installed in Finnish
BWRs. As the size and shape distribution of LOCA-
generated metallic insulation debris is undefined,
the study was conducted in a parametric manner,
assuming that size can vary from 0.01 to 1 m and
concentrating on fairly flat pieces. Most of the
pieces investigated were square or rectangular,
although triangular pieces and strips also were
tested.

The experiments addressed settling, transport in
both horizontal and vertical circulating flow fields,
and strainer head loss caused by both metal foil
pieces alone and foil pieces mixed with fibrous
mineral wool debris. The effect of foils on the back-
flushing of a clogged strainer also was investigated.
The major findings related to settling and transport
are summarized below. (Valuable observations of
how RMI foils build up on a sump screen and
measurements of related head loss were
documented in the experiments.) These
observations are presented in Section 7, 'Debris
Head Loss"

Metallic foils of all shapes tended to float. Foils
had to be submerged and agitated to remove
air bubbles before they would sink.

Table 5-3 Flow Velocity Needed to Initiate Motion of NUKON Insulation Fragments

Sample Size (in.) Flow Velocity Needed to Initiate Motion (ftls)

12 x 12 x 112 0.35

12x12x2 0.36

6x6x 1/2 0.34

6x6x2 0.37

3x3x1/2 0.30

3x3x2 0.36

1 x 3 x 1/2 0.28

1 x3x2 0.26

1/2 x 1/2 x 1/8 (shred) 0.30

5-33



* Settling velocities ranging from 0.03 to 0.4 m/s
were measured. Swinging/gliding, tumbling, and
screw-like settling motions were observed.
Settling with horizontal swinging/gliding was the
most stable and took the most time. Only the
largest pieces, > 0.6 m, folded significantly
during settling because of the rigidity of the
dimpled foil. Pieces that descended in
horizontal orientations did so at velocities
ranging from 0.04 to 0.08 m/s. Size had little
effect on settling velocity.

* In horizontally circulating flow, crumpled pieces
of metallic insulation moved readily at flow
velocities between 0.1 and 0.2 m/s. Smaller,
flatter foils required higher velocities to move
than larger, crumpled foils.

* In a vertically rising flow, metallic insulation foils
became waterborne if the upward flow velocity
exceeded the settling velocity of the foil. In a
vertically circulating flow, foil pieces exhibited
circulatory motion within the flow field and
remained water borne. Foil pieces settled at the
threshold velocity above which foil circulation
was sustained.

* From a settled condition, foils dispersed and
became waterborne as the flow rate was
increased.

5.3 Debris Transport in Pooled Water
Analyses

The NRC has performed analyses investigating the
transport of insulation and other debris in PWR
containment sump pools, BWR drywell floor pools,
and BWR suppression pools. The results of these
analyses provide qualitative insights and
quantitative information relevant to considerations
of debris transport in PWR containment pools.

5.3.1 Phenomena Identification and Ranking
Tables

5.3.1.1 Boiling-Water Reactor Phenomena
Identification and Ranking Table

The NRC sponsored the formation of a PIRTs panel
of recognized experts with broad-based knowledge
and experience to identify and rank the phenomena
and processes associated with the transport of
break-generated debris through a BWR
containment drywell following the initiation of one or
more accident sequences. The primary objective
of the BWR PIRT was to support the drywell debris
transport study (ODTS); the pool-transport portion
of the study is discussed in Section 5.3.2. The
PIRT process was designed to enhance the DDTS

analysis by identifying processes and phenomena
that would dominate the debris transport behavior.
Further, these processes and phenomena were
prioritized with respect to their contributions to the
reactor phenomenological response to the accident
scenario. The PIRT panel also evaluated the plans
for experimental research, the experimental results,
and the analytical results. Their final report was
updated to reflect the final results of the DDTS.
Debris transport in the BWR drywell floor has
similarities to debris transport in a PWR sump pool:
both pools would be relatively shallow, both have
water falling into the pool from break overflow and
containment spray drainage, and both can have
turbulent or quiescent modes of debris transport,
depending on scenario conditions. The phenomena
ranked as having the highest importance with
respect to debris transport within a BWR drywell
floor pool are listed in Table 5-4.

5.3.1.2 Pressurized-Water Reactor Phenomena
Ranking and Identification Table

Like the BWR PIRTs discussed in Section 5.3.1.1,
the NRC sponsored the formation of a PIRT panel
of recognized experts with broad-based knowledge
and experience to identify and rank the phenomena
and processes associated with the transport of
debris in PWR containments following the initiation
of one or more accident sequences. .'8 The
PWR PIRT has been used to support decision-
making regarding analytical, experimental, and
modeling efforts related to debris transport within
PWR containments. The scope of the PWR PIRT
was discussed in Section 4.3.2.2, which discussed
the airborne and washdown transport aspects of the
PIRT.

The panel identified a primary evaluation criterion
for judging the relative importance of the
phenomena and processes important to PWR
containment debris transport. Each phenomenon
or process identified by the panel was ranked
relative to its importance with respect to the
transportation of debris to the sump entrance.
Highly ranked phenomena and processes were
judged to have a dominant impact with respect to
the primary evaluation criterion. The important
processes relating to debris transport in a PWR
sump pool are listed and described in Table 5-5.

It is important to note that the processes and
phenomena ranked as highly important by the PIRT
panel sometimes differed from the processes and
phenomena that appeared to dominate transport in
the experiments or analyses, because the PIRT
assessments were done before the research was
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Table 5-4 Highly Ranked Phenomena from BWR Drywell Floor Pool Debris Transport PIRT
Table

Processes andlor Description
Phenomena

Pool Formation Creation of a pool of water on the drywell floor sufficiently deep to allow overflow into
wetwell transfer piping due to the accumulation of water from all sources higher in the
drywell

Pool Overflow Transport of water from the pool on drywell floor into wetwell vent pipes.

Pool Flow Dynamics Multi-dimensional flow patterns and velocities within the pool of water on the drywell floor,
includes free-surface (vertical) velocity profile and turbulent mixing (circulation) flows.

Pool Debris Relocation of debns in the pool of water on the drywell floor toward wetwell vent pipe
Transport entrances.

Debris Settling Downward relocation (sedimentation) of debris within the pool of water on the drywell floor
under the force of gravity.

Table 5-5 Highly Ranked Processes and Phenomena for the Debris Transport in a PWR
Containment Sump Pool

Processes and/or Description
Phenomena

Pool Formation Creation of a pool of water on the containment floor sufficiently deep to allow overflow into
sump due to the accumulation of water from all sources higher in the containment.

Pool Agitation Agitation of the pool by liquid streams falling or draining from above

Pool Flow Dynamics Multidimensional flow patterns and velocities within the pool of water on the containment
floor; including increasing pool height, circulating flows, and turbulent mixing flows.

Film Entry Transport Introduction of debris into the pool on the containment floor as draining films containing
debris enter the pool.

Liquid Entry Introduction of debris into the pool on the containment floor as draining liquid streams
Transport containing debns enter the pool.

Pool Debris Breakup of relatively large pieces of debris into smaller particles that can be reentrained
Disintegration into the flow stream caused by the impact of falling liquid streams from the break, fan

coolers, and liquid draining off surfaces.

Pool Debris Settling Downward relocation (sedimentation) of debris within the pool of water on the containment
floor under the force of gravity.

Pool Debris Movement of debris residing off the basement floor and into higher elevations of the pool.
Reentrainment

Pool Debris Relocation of debris in the pool of water on the containment floor toward sump entrances.

Transport

Sump-Induced Flow Following sump activation, a directed flow is established toward the sump.

Sump-induced Transport of suspended debris over the sump curb and to the trash rack/debris screen. In

Overflow addition to the sump curb, the buildup of ramp-like debris beds at the base of the curb must
be considered for their impact on flow patterns and debris transport.
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performed. One such process was sheeting flow
dynamics (the spreading of water on the
containment floor before the pool is formed) with
associated sheeting debris transport, which the
PIRT panel ranked as having low or medium
importance. However, the data from the integrated
tank tests indicated that debris transport caused by
sheeting flow could be very important. Thus,
evaluating the importance of a process or
phenomena should not be based solely on the PIRT
evaluation.

5.3.2 Boiling-Water Reactor Drywell Floor
Pool Debris Transport Study

In September 1996, the NRC initiated a study, the
DDTS, to investigate the transport and capture
characteristics of debris in BWR drywells using a
bounding analysis approach.' 19 The focus of the
DDTS was to provide a description of the important
phenomena and plant features that control and/or
dominate debris transport and the relative
importance of each phenomenon as a function of
the debris size. Further, these analyses were to
demonstrate calculational methodologies that can
be applied to plant-specific debris transport
estimates. It should be noted that the DDTS
focused almost entirely on the transport of LDFG
insulation debris. The debris-transport processes
studied included the processes involved in the
transport of debris during the reactor blowdown
phase by way of entrainment in steam/gas flows,
during the post-blowdown phase by water flowing
out of the break and/or containment sprays, and in
the pool of water that would form on the drywell
floor. The overall study and the airborne and
washdown debris-transport processes were
discussed in Section 4.3.3.2 of this report. The
drywell floor pool aspects are discussed here.

Substantial quantities of insulation debris could land
on the drywell floor during the primary system
depressurization or be washed down to the drywell
floor from drywell structures after being captured
during depressurization. From here, the debris
could then be transported from the floor into the
vent downcomers. Therefore, determining the
potential for debris to remain captured on the floor
was a necessary step in the overall debris transport
study. This determination was made based on
simulating the drywell floor pool for a variety of
conditions using a commercially available CFD
code.5-20 The primary objective of this analysis was
to evaluate the potential for fibrous debris to settle
in drywell pools and to estimate fractions of debris
that would be transported to the suppression pool.

The study considered Mark 1, 11, and IlIl designs for
variations in pool depth and entrance conditions to
the pools.

The CFD results needed to be benchmarked to
prototypical experimental data to correlate pool
turbulence levels with conditions that allowed debris
to settle. This was accomplished by simulating the
ARL PP&L flume tests5 7 with the CFD code and
then correlating the code-predicted turbulence level
for a given test with the test results showing
whether fibrous debris actually settled in that test.
The maximum levels of turbulence that allowed
debris to settle were determined and applied to the
drywell floor pool simulation results. Two maximum
levels were determined, one for small debris and
one for large debris.

The results of each of the drywell floor pool
simulations consisted of graphical pictures
(available in the reference 52 ) showing pool flow
behavior, such as two- and three-dimensional color
pictures of flow velocities and flow turbulence in the
form of specific kinetic energy. These turbulence
levels then were compared with the maximum
levels for debris settling determined by the code
calibration. If pool turbulence were higher than a
maximum level, debris likely would not settle. On
the basis of this graphical data, engineering
judgment was applied to determine the likelihood
for debris settling for each pool configuration. With
noted design-specific exceptions, drywell floor pools
formed by recirculation break flows are considered
likely to transport the majority of insulation debris
into the vent downcomers and pools formed by the
containment sprays are likely to retain debris.

The BWR pool debris-transport methodology also is
generally applicable to specific aspects of PWR
sump pools because the debris transport in the
BWR drywell floor has similarities to debris
transport in a PWR sump pool. However, the
drywell floor pools studied in the DDTS and the
PWR sump pools have differences that would affect
debris transport. In the DDTS, the potential for
debris transport tended to be either the debris
transported or it did not. When the break flow
plummeted into the drywell floor pool at full throttle,
the resulting turbulence levels were clearly high
enough that, from a conservative standpoint, all of
the debris would remain sufficiently suspended to
transport into the downcomer vents. When the
break flows were throttled back so that water flows
to the drywell floor pool came mostly from the
containment sprays, pool turbulence was low
enough that it appeared that most of the debris
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would settle and hence not transport with the
overflow into the vent downcomers. Because the
overflow was not at the floor level, floor debris
transport was not as important because no
mechanism was identified to reentrain the debris
near the vents.

In a PWR sump pool, the pool turbulence level
would be expected to be much less uniform
because of the geometry of the sump. With the
break located inside an interior compartment (e.g.,
steam generator compartment), most of the pool
turbulence could be contained within the
compartment, leaving the bulk of the sump annulus
rather quiescent. If the break were in the annulus,
then more of the annulus would be highly turbulent
but not the inner compartments. In a PWR sump
pool, the evaluation of pool turbulence will be much
more plant- and accident-specific.

5.3.3 Boiling-Water Reactor Suppression-Pool
Debris-Transport Analysis

In September 1993, the NRC initiated a detailed
reference-plant study using a BWR/4 reactor with a
Mark I containment. -9 The reference plant was a
Mark I design with a relatively small suppression
pool, leading to comparatively faster strainer flow
velocities than other BWR plants. In addition, more
than 99% of the primary system piping was
insulated with steel-jacketed fiberglass insulation.
The primary objective of the study was to determine
the likelihood that a postulated break in the primary
system piping of the reference BWR plant could
result in the blockage of an ECCS strainer and the
loss of pump NPSH. The analyses involved both
deterministic and probabilistic techniques. The
deterministic analyses focused on models to
simulate phenomena governing debris generation,
drywell and wetwell debris transport, and strainer
head loss. The probabilistic analyses focused on
evaluating the likelihood of core damage related to
strainer blockage based on LLOCA-initiators. The
BLOCKAGE computer program5 2122 was
developed to calculate debris generation, debris
transport, fiber/particulate debris-bed head losses,
and impact on the available NPSH. The
suppression pool debris transport analysis of that
study is discussed here.

A model was developed to estimate the quantity of
insulation debris, after it is in the suppression pool
that would transport to an ECCS suction strainer.
In addition, the suppression-pool model addressed
the transport of sludge particles within the pool to a
strainer. The transport of debris within the
suppression pool to the ECCS suction strainers is

complicated by a variety of effects. Models for
these effects were broken into two main phases
with an interim transition phase. During the
blowdown phase, pool dynamics would be
governed by the extremely dynamic primary system
depressurization. The LOCA-induced pool
turbulence, such as condensation oscillations and
chugging within the downcomers, would re-suspend
debris initially settled to the pool floor (i.e., sludge),
uniformly distribute the debris throughout the
suppression pool, and further break up pieces of
debris. During the relatively quiescent washdown
phase, gravitational settling would be important as
debris could settle to the suppression pool floor
once again. Analytical models were developed that
were based on and benchmarked to the
experimental data collected for strainer head losses
and suppression-pool sedimentation. These time-
dependent models were programmed into the
BLOCKAGE code, which was used to predict debris
quantities that would accumulate on the strainers by
type and size.

The BLOCKAGE code (Version 2.5) included
models for transient debris bed formation and used
the fiber/particulate head loss correlation (known
as the NUREG/CR-6224 head loss correlation)
developed in the reference plant study. The
correlation was validated for laminar, transient, and
turbulent flow regimes through mixed beds.
BLOCKAGE is an integrated calculational method
with a graphical user interface (GUI) for evaluating
the potential for loss of ECCS pump net positive
suction head margin as a result of insulation and
non-insulation debris buildup on suction strainers
following a postulated LOCA in BWRs.
BLOCKAGE incorporates the results of multi-year
NRC-sponsored research documented in
NUREG/CR-6224. It also provides a framework
into which users can input plant-specific/insulation-
specific information for performing analysis in
accordance with Revision 2 of Regulatory Guide
1.82.

BLOCKAGE 2.5 allows the user to simulate debris
generation and subsequent transport of multiple
types of debris, including fibers, particles, and
metals, using either a three-zone destruction model
or a user-specified quantity of debris for transport.
The debris transport from the drywell to the wetwell
can be location- and time-dependent. The transport
during the blowdown period caused by
depressurization flows is treated separately from
the transport during the washdown phase, which is
a result of ECCS recirculation, containment spray,
and steam condensate flows. Two sizes of pipe-
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break scenarios are considered: large and medium
LOCAs. The debris transport within the
suppression pool, including the deposition of debris
on the strainers and the debris concentration within
the pool, is calculated separately for each discrete
debris size and debris type. The suppression pool
is treated as a single volume of water. Specifically,
debris concentration does not vary with location in
the pool. The user supplies several model
parameters that are time-dependent: the
calculational time step, the pump flow rates, the
drywell debris-transport rates, the suppression pool
temperature, and the suppression pool
resuspension and settling rates. The BLOCKAGE
code was subjected to rigorous coding verification
to ensure that it performs as it was designed to
perform. BLOCKAGE was validated against
applicable experiments.

At the time that the BLOCKAGE code was
developed, the approach velocities to existing
plants' strainers were relatively uniform even with
the accumulation of debris. Hence, code models
were based on the assumptions of uniform
approach velocity, uniform debris deposition, and
constant surface area. More complex strainer
designs were developed as part of the resolution of
the strainer-clogging issue, such as the stacked-
disk and star-shaped designs. Debris deposition on
strainers of these designs starts as a uniform
deposition on the entire screen area, but eventually,
debris shifts to fill the inner screen regions, creating
substantially nonuniform approach velocities and
debris deposition. After the inner spaces are filled,
approach velocities and deposition again approach
uniformity. Hence, the BLOCKAGE code is
appropriate to calculate head loss with small
quantities of debris on the strainer (uniform
deposition) and again when there are substantial
quantities of debris on the strainer (gaps filled with
debris) but not with quantities between.5 With small
quantities of debris on the strainer, the entire
strainer screen area would be used. With large
quantities of debris, the circumscribed area would
be appropriate. BLOCKAGE could be modified with
a variable area that is a function of debris volume
so that complex strainers could be modeled through
the full range of debris deposition.

A typical suppression-pool transport analysis result
is shown in Figure 5-22.

5The quantities of debris involved depend on the size and
design of the suction strainer.

5.3.4 Pressurized-Water Reactor Volunteer
Plant Pool Debris Transport Analysis

A volunteer PWR plant was chosen for detailed
analysis with the primary objective of developing
and demonstrating an effective methodology for
estimating containment debris transport that could
be used to assess the debris transport within
PWR plants. This work is ongoing and is thus
not available for this report. (The preliminary
methodology of the airborne and washdown
debris-transport analysis was discussed in Section
4.3.3.3.) Once completed, it is expected that the
report for this study will further demonstrate
analytical methodology for estimating debris
transport within a sump pool.

5.3.5 Nuclear Regulatory Commission Review
of Licensee Experimental Approach to
Sump Blockage Potential

The Millstone Nuclear Power Station, Unit 2,
(Millstone-2) licensee conducted experiments to
investigate the vulnerability of the station's
emergency recirculation sump to blockage by
debris resulting from a LOCA. 23 The experiments
employed a sub-scaled representation of the
Millstone-2 containment floor. The test report
describing the experiments was submitted to the
NRC for review and comment. LANL assisted NRC
in its review.

Objectives
The objective of the Millstone-2 licensee's
experiments was to determine whether the
emergency recirculation sump of the Millstone-2
containment is susceptible to blockage by insulation
and other debris that might be generated in a
LOCA.

The objective of the review performed by NRC was
to provide the industry with feedback regarding the
validity of such experiments in resolving GSI-191
concerns on a plant-specific basis.

Methodology
Licensee Experiments

The debris-transport experiments employed a
downsized representation of the Millstone-2
containment floor and sump complete with a
sample sump screen and a physically
representative curb. Figure 5-23 shows the
experimental configuration. The experiments were
conducted in a walled-off sector of a 1300-gal.
cylindrical tank.
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A box open to flow on one side and covered with
screen on that side represented the sump. The
screen area was 2.64 ft2, and an 8.75-in. curb was
placed in front of the screen. Water was circulated
through a closed loop in the experiments. Suction
was from the bottom of the sump box. Return flow
was through a diffuser above the water surface
such that the water fell into the tank. Flow rates
were such that the flow velocity at the sump screen,
assuming a uniform velocity over the whole screen,
was between 0.2 and 0.25 ft/s. This compares
favorably to the 0.2 ft/s at the actual Millstone-2
sump screen.

The tank was filled with water to a 55-in. height, and
measured quantities of debris were added uniformly
across the test sector of the tank. The debris was
allowed to sink to the floor. The desired flow (-236
gpm) then was established, and the transport of the
debris and its accumulation on the screen were
observed. Paint chips (zinc and epoxy), LDFG
shreds, and RMI fragments were investigated.

NRC Review
The NRC review of the licensee experiments
focused on determining whether the water flows
developed in the tests could be considered
representative of what would exist on the floor of
the Millstone-2 containment following a LOCA. CFD
simulations of the experiments and of postulated
pools on the Millstone-2 containment floor were
used.

A CFD model of the licensee's experimental
configuration was constructed. The flow rates

explored in the experiments were established in the
model. The velocities predicted near the floor of the
tank were considered relative to the known
transport velocity of the debris being tested and
determinations were made as to the potential for
debris transport. The transport determinations were
compared with the transport observations made in
the experiments.

A CFD model of the lower region of the Millstone-2
containment also was constructed. A break in the
cold-leg piping 15 ft from the sump and 20 ft above
the floor was represented. This reflects the position
of the reactor coolant system piping nearest the
sump. A recirculation flow rate characteristic of full
ECCS design flow given a large LOCA was
specified (10,480 gpm) and a characteristic pool
depth of 55 in. was imposed. The flow velocities
developed in the CFD calculation in the vicinity of
the sump were considered with respect to their
potential to transport debris. The inferred transport

potential was compared with the debris transport
observed in the licensee experiments.

Results
Licensee Experiments
The experiments conducted by the licensee saw no
debris transport. The conclusion was drawn that no
potential exists for debris generated in a LOCA to
block the emergency recirculation sump in the
Millstone-2 containment.

NRC CFD Modeling of Licensee Experiments
The CFD simulation of the licensee's experiment
showed that no transport of debris would occur in
the experiment. This agrees with the licensee's
findings in the experiments.

NRC CFD Modeling of Millstone-2 Lower
Containment Pool
The CFD simulation of the pool that would develop
on the floor of the Millstone-2 containment following
a LOCA where the pipe break was near the sump,
identified a large potential for debris transport to the
sump. This contrasts with the conclusion drawn by
the licensee from the results of their experiments
that no potential for debris transport exists. The
reason for this discrepancy is the way water was
returned to the pool in the experiment versus the
way water was returned to the pool in the CFD
calculation. In the licensee's experiment, returning
water passed through a fixture that sprayed the
water over much of the surface of the test sector of
the pool. The momentum of the spray streams was
such that the spray streams penetrated only slightly
into the pool. In the CFD calculation, returning
water fell into the pool as a collected stream
uninterrupted from a height of 20 ft. The momentum
of the falling stream in the CFD calculation was
such that the stream penetrated well into the pool.
The effects of the CFD stream's greater penetration
were larger velocities at the bottom of the pool and
more mixing (higher turbulence) in the pool. Both of
these effects aid debris transport.

Conclusions
The conclusion drawn by the NRC reviewers was
that the experimental investigations performed by
the licensee into the potential for debris transport to
the emergency sump following a LOCA led to
invalid conclusions. The reason for this was a
problem of similitude. Specifically, the momentum
that would carry into the containment pool with the
water stream falling from an elevated pipe break
(near in plan to the sump) was not accounted for in
the experiments. Without this momentum
accounted for, the velocity fields developed in the
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experiments were not representative of what would
develop in a pool on the containment floor of
Millstone-2.

Presumably, the experiment could be modified to
have the returning water plummet into the test
sector of the pool, as it would fall into an actual
Millstone-2 containment pool. Although there may
be additional similitude (scaling) issues, debris-
transport observations made with water entering the
pool realistically would be credible.

The issue of continuously suspended debris (e.g.,
individual fibers) was apparently not addressed by
the Millstone-2 licensee. When a break jet destroys
LDFG insulation, some portion of the debris,
perhaps a few percent of the ZOI insulation, would
be in the form of fine fibers that would remain
suspended in the sump pool. Virtually all of this
debris would transport and accumulate on the sump
screen. The tests should have used more realistic
simulated debris (may be unnecessarily critical of
licensee).

5.3.6 Computational Fluid Dynamic
Simulations of UNM Integrated Debris-
Transport Testing

The integrated debris transport experiments
discussed in Section 5.2.65-3 were complemented
by computational fluid dynamic (CFD) calculations
to demonstrate the ability of a CFD computer code
to predict the complex flow patterns of the tests and
to help visualize those flow patterns. CFD
computer codes may well be used to support
analyses of debris transport in PWR sump pools.
The inherent difficulties associated with modeling a
containment pool in any flow analyses are

* the complex three-dimensional non-uniform
patterns of the flow with the sump pool;

* the complications associated with free-surface
effects;

* the difficulties in resolving the momentum
dissipation of the falling water stream(s)
entering the pool, i.e., the localized circulative
flows and related turbulence developed in the
pool by falling streams;

* the complex influence of walls, curbs, etc.;
* the potentially complex influence of substantial

quantities of larger debris within the pool,
perhaps partially blocking flow channels;

* the directional influences of the flow being
drawn from the pool through the sump; and

* the time variance of flow patterns.

The CFD simulations of the integrated debris-
transport tests were performed using the FLOW-3D
computer code. FLOW-3D524 is a general-purpose
software package for modeling the dynamic
behavior of liquids and gases influenced by a wide
variety of physical processes. The program was
constructed for the treatment of time-dependent,
multidimensional problems. FLOW-3D is applicable
to almost any flow process.

The FLOW-3D model simulated the geometry of the
test tank, including the internal wall structure, by
scaling down the dimensions of the internal
structures of a PWR plant layout provided in an
AutoCAD drawing. (The test tank was one-tenth the
size of the PWR containment.) The water was
introduced into each simulation at a location that
corresponded to the configuration of the test and at
the mass flow rate specified for that test. The
recirculation-cooling sump was simulated by a
depression in the floor where water was removed
from the simulation at the same rate as water was
introduced. A variety of test configurations and flow
rates was simulated.

The velocity pattern from a simulation is shown in
Figure 5-24. As indicated by the right side of the
figure bar, the velocities range from zero to 0.2 ftIs
(0.06 m/s) and are indicated by shading; white
indicates near-zero flow and black indicates near
0.2-ft/s or faster flow. (In the reference document,
the flow patterns were in color and are easier to
visualize.) The internal structures are indicated in
the figure. The solid arrows indicate the general
direction of flow. The water was introduced into
one of the interior compartments that represented a
steam generator enclosure (indicated by the circle).
The simulated recirculation sump was located near
the bottom of the diagram.

The CFD computer code simulations were
compared qualitatively with experimental
measurements of flow velocities and general
observations of the pool flow patterns. The
comparison clearly indicated that the simulation
captured the significant features of the pool flow
and the predicted flow velocities were comparable
with the measured velocities.

5.4 Summary of Approaches to Model-
ing Containment Pool Transport

Two approaches to modeling the transport of debris
in a containment pool are found in the literature.
One is experimental in nature; the other is
computational.
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The experimental approach to modeling debris
transport in a particular containment sump pool
involves building a scaled representation of the floor
of the containment, complete with all the walls,
curbs, equipment, etc. that would determine the
flow patterns in the pool. Defendable similitude
between the physical containment and the model
must exist here; however, a defendable similitude
would be difficult to develop. The rationale for
scaling the water flow differs substantially from the
rationale for scaling debris transport, but both
processes must be scaled simultaneously.
Appropriate inertial-force scaling, which governs
water flow, requires that flow velocities be reduced
with the square root of the length scale.
Appropriate viscous force scaling, which governs
debris transport, requires that flow velocities be
increased proportional to the length scale. It may
be that water-flow and debris-transport
characteristics cannot be satisfied simultaneously in
a scaled experiment. Although illustrative
experiments of containment pool modeling are

documented, no defendable scale modeling of
debris-transport potential in a specific containment
has been accomplished to date. Critical testing
considerations include recirculation flow rate, debris
size, the height of the pipe break above the floor,
the preparation of the debris (size distribution and
pretreatment to remove trapped air), and
introduction of the debris into the test. The potential
for debris disintegration within the pool must be
investigated.

The computational approach to modeling debris
transport in a containment pool involves performing
CFD calculations. Although commercially available
CFD codes are clearly suited to predicting the flow
patterns and velocity fields that would exist in a
containment pool, the codes lack the ability to
directly predict the transport of the various types of
insulation and other debris that are present. This is
because CFD codes do not have the capacity to
resolve or account for the intricate transport
characteristics of the different types, shapes, and
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sizes of potential debris. As such, the'fl6w-field
predictions from a CFD containment pool
calculation (e.g., velocities and turbulence levels)
must be compared with experimentally determined
debris transport characteristics to infer whether
transport would occur. Illustrative CFD calculations
of containment pool debris transport have been
documented, but as with experimental containment
pool modeling, no defendable complete CFD
analysis of debris-transport potential in a specific
containment has been accomplished to date.

Predicting the transport of insulation debris is a very
complex process, perhaps too complex to
generalize in any simple model. In addition, each
plant has plant-specific features that would affect
the transport of debris, and the transport process
will necessarily vary with such parameters as the
location of the break. Ideally, incorporating models
for the various transport processes into CFD code
might one day allow a code to perform the complete
simulation. Such a CFD simulation then could take
into account all the plant-specific aspects
associated with debris transport. However, such
computational capability does not yet exist.
Meanwhile, the transport fractions measured in the
integrated tests should provide some insights into
plausible transport fractions for an actual plant. In
addition, these tests, particularly the long-term
LDFG transport tests, can serve as a potential
means of benchmarking models developed to
estimate debris transport.

5.5 Guidance

Certain accident specifics, plant features, debris
characteristics, and physical phenomena are clearly
important to consider in any analysis aimed at
determining the potential for debris transport in a
PWR containment pool. Based on the insights
gained primarily from the integrated tests, the
following guidance should prove helpful when
developing a suitable plant- and accident-specific
debris-transport model.

* Identify the accident scenario, including
location, size, and possibly orientation of the
pipe break and how water spilling from it would
make its way to the containment floor.
Determine whether the containment sprays
would activate.

* Identify and conservatively estimate the
sources of debris to the pool. This includes the
type of debris (insulation or other type) and the
size distribution of each type; when and where
the debris enters the pool; and the transport

characteristics of the debris such as buoyancy,
terminal settling velocity, tumbling, lift, and
accumulation velocities.
Evaluate the relocation of debris on the floor as
the sump pool fills, specifically where the break
overflow will push the debris initially deposited
onto the floor. As the pool fills, most of the
debris, if not all, will saturate relatively rapidly in
hot water and sink to the floor, with the
exception of the truly buoyant debris (e.g.,
Neoprene and some foam insulations) and the
fine debris in suspension. A few pieces of
debris may trap air and float for a while, but this
is likely a smaller part of the total.

* Characterize the containment pool-determine
the depth, flow patterns, flow velocities,
turbulence levels, and locations of any
quiescent regions in the pool after the directed
flows associated with recirculation through the
emergency sump develop. Also consider the
effect that substantial debris, particularly larger
pieces, could have on the sump pool
characteristics (e.g., flow channel blockage).

* Specifically account for quantities of fine debris
that would remain suspended in the pool long
term even under relatively quiescent conditions.
Such debris would include individual fibers6 (or
small bunches of fibers) and particulate debris
such as disintegrated calcium silicate. All
amounts of these types of debris probably
should be considered as directly transportable
to the sump screens.

* Account for the quantities of fine debris
generated by degradation of the larger pieces
of debris by the pool turbulence associated with
water plummeting into the pool. This must
consider the location of the debris sources
relative to the location of the plummeting water.

• Based on the characteristics of the containment
and estimates of debris and the characteristics
of that debris, conservatively estimate the
quantities of debris likely to be entrapped in
specific locations identified such as isolated
compartments, offset from the main flow, the
centers of vortices, and behind obstacles. This
applies predominantly to sunken and floor
transportable debris.

6As a point of reference, 15% to 25% of the LDFG
insulation blankets destroyed in the air impact
testing conducted at the Colorado Engineering
Experiment Station (CEESI) was fine debris, i.e.,
debris so fine it either passed through a fine-debns
retention screen or could be collected only by
hosing down the interior test chamber walls -
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* If the sump screen is not completely submerged
in the pool, account for whether significant
buoyant debris could float to the screen and
contribute to screen head loss.
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6.0 DEBRIS ACCUMULATION

This section describes the potential
accumulation of debris at critical locations
within a PWR containment, where that debris
accumulation could adversely affect the
recirculation sump performance. It specifically
describes what is currently known about how
parameters such as insulation type and debris
affect the spatial distribution that debris
fragments assume on the surface of the screen.
This information is gathered primarily from
experimental observations of debris
accumulation on simulated PWR sump screens.'

LOCA-generated debris will have an adverse
effect on recirculation sump performance if it
either (a) covers the sump screen in sufficient
quantity and over a sufficient surface area to
impede flow or, (b) accumulates at a critical
location for the flow of recirculation water along
the containment floor such that the debris bed
diverts water away from the sump.2 In either
case, debris first must be transported to a
location of concern; debris transport processes
are described in Sections 4 and 5 and are not
discussed further here. However, after debris is
transported to a location of concern, it must
accumulate in sufficient quantity and in a
configuration that impedes flow. The current
knowledge on debris accumulation is
summarized in this section.

6.1 Locations of Concern

The principal location of concern for debris
accumulation is the surface of a recirculation
sump screen. The physical configuration of
the sump screen as well as its position and
orientation in the pool of water that it services
vary considerably among the U.S. PWRs. The
features of sump-screen design and installation

Much of the debris accumulation data were
obtained while conducting tests specifically
designed to test either debris transport in water or
to measure debris head loss across a screen or
strainer.

2 The knowledge associated with debns
accumulation also applies to screens in the
upper containment levels (e.g., fueling pool drain
screens), but the potential blockage of such
screens usually is treated as part of debris transport
from the upper levels down to the sump pool (see
Section 4)

that influence debris accumulation are
summarized in Section 6.1.1.

Additional locations of concern are those in
which the flow path for recirculating water
passes through a narrow passageway or
restriction in cross-sectional area. If debris
were to accumulate at these locations (perhaps
because of the presence of a trash rack or
similar feature), water might be diverted away
from the sump, thereby reducing the sump water
level and associated hydraulic head. Examples
of such locations are given in Section 6.1.2.

6.1.1 Sump Screens

Historically, the sump screen has been the
principal location of concern for debris
accumulation. For fully submerged screens,
excessive accumulation of debris can cause the
head loss across the debris bed to reduce the
available NPSH to ECCS or containment spray
pumps. For partially submerged screens,
excessive debris accumulation can reduce the
static head necessary to drive recirculation flow
through the screen. Debris accumulation and
head loss at this location are the primary focus
of research supporting the resolution of USI
A-43 and GSI-191.

Information regarding the configuration of
containment recirculation sumps in U.S. PWRs
was gathered by NEI and the U.S. NRC through
initiatives supporting GSI-191 and GL-97-04,
respectively. This information was reviewed by
LANL to ascertain the type and range of design
features that might affect debris accumulation
and other factors that influence sump
performance.&1 The results of this review
clearly show that PWR sump designs span a
wide range of geometries from horizontal
screens below the floor elevation to vertical
screens attached to elevated pedestals.
Examples of various recirculation sump designs
in U.S. PWRs are shown in Figure 6-1.

* Screen surface area: Values range from
11 ft2 to 700 ff2.

* Screen mesh size: A majority of plants
have a sump-screen mesh size of 0.125 in.
However, roughly 40% of U.S. PWRs have
a screen mesh size larger than 0.125 in.
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* Obstacles to water flow and/or debris
transport:
- Some plants employ curb-like features

that would inhibit heavy debris from
reaching the screen; many do not have
a curb or any impediment to flow.

- Most plants have trash racks in front of
the screen to prevent large debris from
reaching the screen.

* Level of submergence: For approximately
1/3 of the U.S. PWRs, the sump screens
would not be submerged completely at the
time that ECCS recirculation starts. Further,
the sump screen for about /2 of these PWRs
would not be submerged completely even at
the maximum pool height.

6.1.2 Containment Flow Restrictions

The location of the sump in a PWR containment
can vary considerably from one plant to another.
Further, the path along the containment floor
that water must travel to reach the containment
sump can vary, depending on the location of a
postulated break. These two variables lead to
the possibility of flow restrictions at locations
distant from the sump where debris might
accumulate and interfere with the distribution
of water on the containment floor.

A simple example of such a configuration is
shown in Figure 6-2. In this example, the
accumulation of debris on trash racks that are
mounted on openings between the main portion
of the containment and an isolated room in
which the sump is located would restrict flow to
the sump. One effect of this flow restriction
could be to lower the water level at the sump,
thereby depriving the sump of an adequate
recirculation suction volume or possibly reducing
available NPSH. Other plant design features
that could produce a similar effect are

* screen doors at the entrance to high-
radiation areas,

* small-diameter "drainage" holes drilled
through interior walls (e.g , crane wall), and

* narrow gaps between concrete foundation
pads for heavy equipment and neighboring
walls.

6.2 Accumulation Patterns

The geometric configuration of a debris bed
formed at a location of concern strongly
influences the extent to which it affects flow. In
this context, the term 'geometric configuration"

RECIRCULATION
SUMP /

FLOW RESTRICTION
WITH TRASH RACK

Figure 6-2 Example of a Containment Floor Flow Restriction that Might Result in
Diversion of Flow From the Recirculation Sump
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is meant to include qualitative and quantitative
features of the bed, such as

* the fraction of surface area (sump screen)
or cross-sectional area (flow restriction)
covered by debris,

* the extent to which the debris bed is uniform
in depth (perpendicular to the flow
direction),

• the height of the debris bed off the floor (for
vertical screens), and

* the porosity of debris material(s).

Variations in these features result in different
accumulation patterns or debris bed profiles,
which in turn affect water flow and/or head loss.

Qualitative insights were obtained from a
number of experiments conducted with
prototypic BWR recirculation suction strainers
(both simple truncated-cone designs and the
complex advanced designs) and, to some
extent, experiments involving vertical PWR
sump screens. The accumulation patterns
depended strongly on the orientation of the
screening surfaces, the flow conditions, and the
type and size of the debris, specifically whether
the debris was suspended or transported along
the floor to the screen.

The data for a horizontally oriented PWR sump
screen are very limited; these data include the
horizontal screens in the integrated debris-
transport tests (Section 5.2.6), the flat-plate
screens in the closed-loop head loss tests, and
certain horizontal portions of the BWR strainer
designs (for example, the flat portion of a
vertically mounted, truncated-cone strainer). For
finer debris, the accumulation patterns tend
toward uniformity, similar to those of the vertical
screens. For coarser debris transported along
the sump floor, the accumulation of debris has
not been completely observed; however, it
should be more uniform for a horizontal screen
than for a vertical screen, where gravitational
forces keep larger debris nearer the bottom of
the screen.

Debris accumulation profiles on vertical sump
screens have been reported in several
experimental studies as described in Section
6.4.2. Additional relevant data is also available
from experiments involving BWR ECCS suction
strainers as summarized in Section 6.4.1. Three
conclusions can be drawn from this collective
body of experiments.

* Fine debris3 (e.g., shredded fiber,
disintegrated calcium-silicate, and possibly
small, crumpled fragments of RMI foil4) will
arrive at the screen surface as a well-mixed
suspension of material, and therefore
deposit in a near-uniform pattern or will
arrive at the screen by tumbling or rolling
across the floor and then easily lift above
the already deposited debris to spread
across the screen.

* Moderate-sized pieces of debris5 represent
debris that accumulates somewhat like the
fine debris and somewhat like the large
debris.

* Large or heavy pieces of debris6 will collect
on a horizontal screen only if local water
velocities are sufficient to transport the
debris onto the screen surface. In the case
of a horizontal screen mounted flush with
the surface of the containment floor, this
velocity is the same as that necessary to
sustain lateral motion (as described in
Section 5). For horizontal screens located
above the floor elevation,7 large debris may
still deposit on the surface if local velocities
exceed the values necessary to "lift' debris
above the curb (if present) or pedestal
supporting the screen. The values of water
velocity needed to lift debris above 2- and
6-in. obstacles were measured in debris-
transport tests conducted by the NRC,
which are discussed in Section 5.2.5.r-2

3 Fine debris includes debris so fine (e.g., individual
fibers and particles) that it will remain in suspension
at very low levels of turbulence, as well as debris
that readily settles in hot water but also easily
moves across the pool floor.
Aluminum RMI foils are relatively lightweight and
have waterbome transport properties similar to
those of shredded fiber. Stainless-steel RMI foils
are heavier and require higher levels of turbulence
or higher water velocities than aluminum foils to
remain suspended.

5 When a fiber insulation is destroyed by a Jet; for
example, large pieces of relatively intact fibrous
insulation are usually blown free of the blanket.
Although they are irregular in shape, these pieces
are frequently several inches to a side and can be

6 represented suitably as a 4-in. square.
Truly large debris could consist of insulation pillows,
blankets, cassettes or large portions thereof, and
miscellaneous items such as metal items.

7 This conclusion also applies to screens located in a
sump below the floor elevation if the level of
turbulence within the sump is sufficient to lift debris
above the base of the sump.
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These profiles can be grouped broadly into four
distinct classes as shown in Figure 6-3. After
they are put in motion, very large pieces of
insulation debris, such as intact fiber pillows or
RMI cassettes, tend to 'slide" along the floor
until they contact the base of the screen. Fiber
pillows or RMI cassettes tend to stay in these
prone positions unless high screen-approach
velocities develop [see part (a) of Figure 6-31.
With high screen-approach velocities, these
large objects can 'flip" onto the surface of the
screen. If they flip, they can obstruct a
significant fraction of the screen flow area,
partially blocking a sump screen. The values of
approach velocity required to flip a fiber pillow or
RMI cassette are described in Section 6.4.2.

The accumulation profile typically observed with
moderate-size fragments8 of insulation material
is shown in part (b) of Figures 6-3 and 6-4. This
pattern has been observed when sections of
fiber matting or RMI foil accumulate against a
vertical screen. Debris of this size and weight
requires relatively high water velocities to keep it
suspended in the flow stream. Therefore, it
often is observed to arrive at the sump screen
near the floor elevation and 'pile up" near the
base of the screen. Again, at high approach
velocities, these fragments can "flip" or roll up to
higher elevations on the screen. The values of
approach velocity required to lift moderate-size
fragments are described in Section 6.4.2.

Smaller pieces of RMI foil (i.e., shrapnel
approximately 1 to 2 in. across) form a more
coherent debris bed against a vertical screen
than larger foil fragments. Because RMI foils
(crumpled or flat) tend to transport along the
bottom of a body of moving water, the foils
initially arrive at a vertical screen near its base.
If the screen approach velocity is sufficiently
high, small pieces of RMI foils can gradually
'climb" the surface of the debris bed and cover a
significant fraction of the screen surface.
However, the accumulation pattern typically has
a shape that is thicker at the bottom than at the
top, as shown in part (c) of Figures 6-3 and 6-4.
Data collected to date and summarized in
Section 6.4.2 suggest that RMI foil fragments
would not completely cover a submerged

8 Moderate size" is meant to represent sections of
fiber matting roughly 4 in. x 4 in. x I in. in size or
RMI foils roughly 4 in.2 in area.

vertical screen unless the total volume of
material was relatively large-i.e., roughly the
volume needed to fill a triangular cross-section
perpendicular to the screen.

A general observation from experiments
concerning fluid transport of fine shreds of fiber
and disintegrated fragments of calcium-silicate is
that after this type of debris is in motion
upstream of the screen, it tends to stay
suspended. This is particularly true in turbulent
flow streams. As a result, this form of debris
tends to arrive at the sump screen as a flux of
suspended material that contacts the entire
exposed surface of the screen. This leads to a
relatively uniform accumulation profile as
illustrated in part (d) of Figures 6-3 and 6-4.
This accumulation pattern can vary slightly in
situations where the screen is partially
submerged in the pool of water. In such cases,
fine debris has been observed to deposit more
heavily near the bottom of the screen, creating a
pattern that resembles a mixture of the bottom-
skewed and the uniform patterns shown in parts
(c) and (d) of Figures 6-3 and 6-4.

Another example of uniform debris accumulation
is shown in Figure 6-5, where relatively fine
debris accumulated uniformly across the lower,
submerged portion of the vertical test screen
during integrated debris-transeort testing, which
is discussed in Section 5.2.6. A primary
component of this debris accumulation was
fibrous debris so fine that it remained suspended
even at low levels of pool turbulence; therefore
its arrival at the screen was extremely uniform.9

Adding a small quantity of particulate to even a
thin layer of such debris accumulation has been
found to result in substantial head loss across
the screen.

Experiments performed to determine the
accumulation profiles that a particular debris
type would attain for various flow conditions are
described in Section 6.4.2.

9 In one such test, the resulting debris accumulation
created such a significant head loss across the
screen that the test was aborted. This debris
accumulation subsequently was dried and removed
from the screen. A small quantity of sand that had
contaminated the test apparatus was mixed with
the fibers. The dried layer debris was thin and had
the relative texture of paper.
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Figure 6-3 Debris Accumulation Profiles Observed in Linear Flume Experiments
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[No photo available for intact pillow or cassette]

(a) (b)

(c) (d)

Figure 6-4 Photographs of Debris Accumulation on a 1-ft x 1-ft Vertical Screen in a Large Linear

Flume [Ref. 6.3] (The photo shown in each frame corresponds to accumulation
pattern shown in the same frame of Figure 6-3.)
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Figure 6-5 Typical Buildup of Fine Fibrous Debris that Easily Remains Suspended

6.3 Parameters Affecting Debris
Accumulation

The manner in which LOCA-generated debris
accumulates at locations of concern is
influenced by several parameters-each of
which can vary considerably among plants of
otherwise 'similar" design features. Values for
some of these parameters also can depend on
the specific accident sequence for which flow
through the recirculation sump is required to
mitigate the accident.

6.3.1 Local Flow Field

The accumulation pattern that debris develops
at a location of concern is influenced strongly
by the characteristics of the local flow field (i e.,
the level of turbulence and the flow velocity).
Turbulence facilitates debris mixing into the flow
stream and thereby promotes uniform deposition
of material onto the surface of a debris screen,
regardless of its orientation with respect to the
bulk flow. In situations where the flow field is
not turbulent, the screen approach velocity
determines the hydraulic shear forces on the
debris and therefore governs the extent to which
individual debris fragments are distributed
across the screen surface.

For horizontal screens, relatively small shear
forces (i.e., low velocities) are needed to move
debris across the surface of the screen. Small-
and moderate-size debris fragments will move

laterally toward areas of low flow resistance (i.e.
smaller bed thickness), thereby "self-adjusting"
the debris bed and creating a near-uniform
deposition profile.

The competition between gravitational and
hydraulic shear forces can lead to nonuniform
velocity profiles on vertical screens. Low
velocity, combined with a high specific gravity
of debris fragments, can cause debris to
preferentially accumulate near the base of a
vertical screen, leaving the upper portions of the
screen relatively clean. However, at higher
velocities, shear forces on debris can overcome
gravitational sedimentation and "lift" or "flip"
debris upward onto higher regions of the screen.
The velocities needed to overcome the tendency
for debris to settle at the bottom of a vertical
screen have been determined experimentally as
described in Section 6.4.2.

Changes in approach velocity with time also can
affect debris accumulation. For geometric
configurations in which persistent hydraulic
forces are required to "hold" debris on a screen,
a significant reduction in flow might allow debris
to fall off the screen, changing the accumulation
profile This behavior has been observed in
experimental simulations of debris accumulation
on representative (vertical) sump screens when
tests are terminated by turning off the pump that
drives flow through a linear flume. The sharp
reduction in flow typically causes the debris bed
to expand Subsequently, fragments of debris,
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such as clumps of RMI foil or fibrous material,
peel off the debris bed and fall to the floor in
front of the screen. Some particulate material (if
included in the debris mixture) is released from
the bed and is resuspended in the flume water.
If flow subsequently is increased to the initial
rate by restarting the pump, a debris bed
reforms, although not necessarily in a
configuration similar to the one observed before
the flow reduction. Detailed experimental
studies of the effects of flow reduction on debris
accumulation and retention on a vertical screen
have not been performed. The comments
above are based on qualitative observations
made during debris transport and (initial) screen
accumulation tests.

6.3.2. Local Geometry

Although large pieces of debris are not likely to
be a significant concern for blockage for most
PWR sump screens, accumulation of such
debris at locations where recirculation water
must pass through narrow passageways can
initiate a sequence of events that diverts or
impedes the flow of water to the sump. That is,
accumulation of large debris at such locations
provides a porous, but effective, medium for
collecting smaller and smaller fragments of
debris. This possibility is a potential concern at
locations on the containment floor, for example,
where the characteristic dimensions of openings
in recirculation water flow area are comparable
to (or smaller than) those of the largest debris
constituents.

Local geometry also affects the performance of
the recirculation sump screen. As indicated
above, the orientation of a sump screen relative
to the flow stream determines whether hydraulic
shear forces beyond those needed to transport
debris to the screen are required to distribute
debris across the surface of the screen. Other
geometric characteristics of a sump-screen
design that are likely to influence the debris
deposition pattern include

the elevation of the screen relative to the
containment floor (or base of the sump),

* the presence of a trash rack or other
obstacle to remove large objects, and

* the screen surface area.

The specific effects of these characteristics on
debris accumulation have not been studied
experimentally.

The debris-capture efficiency of a screen is not
strongly dependent on the size of the screen
mesh over the narrow range of values typically
found in U.S. PWRs.1° Debris collection
efficiency typically is not measured as part of
screen-accumulation and head loss
experiments. However, observations of debris
accumulation on a 114-in.-square mesh have not
identified noteworthy differences from
accumulation on a 1/8-in. mesh.62,3646566

6.3.3 Submergence

Experiments designed to measure threshold
velocities for incipient motion and bulk transport
of debris in water (discussed in Section 5.2.5)'2
have shown that the results are not sensitive to
the depth of water on the containment floor.11

However, after debris arrives at the face of a
vertical screen, the accumulation profile
assumed by the debris is affected by the depth
of the water.

Recent tests performed in the linear flume at
UNM12 suggest that the accumulation profiles on
a partially submerged screen may differ from
those on a totally submerged screen under
otherwise identical conditions (i.e., debris type
and flow patterns).6 3 This difference was
observed initially in experiments performed in a
linear flume after an adjustment was made to
the construction of a simulated (vertical) sump
screen to eliminate a screen bypass flow path
along the upper perimeter of the screen. During
initial shake-out tests, water was observed to
spill over the top of the screen through a narrow
gap along the upper perimeter of the square
screen, thereby allowing a fraction of the total
flume flow to bypass the screen surface. Under

10 There are a few exceptions where the mesh size is
substantially larger. For these exceptionally large
mesh sizes, there are essentially no data available
regarding debris accumulabon. Finer debris may
essentially just pass through the screen.
Expenments performed to date have all involved
measurement of debris-transport properties for
completely submerged debris. Similar statements
currently cannot be made for very shallow pools of
water where debris motion might be directly
impacted by the free surface.

12 The UNM experiments related to debris
accumulation are ongoing at this writing; hence,
only preliminary observations are included here.
The UNM test report is expected to include a
summary of the debris accumulation data from
these tests.
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these conditions, debris accumulation profiles
against the screen tended to be skewed toward
the bottom of the vertical screen. When this gap
was sealed and all water was forced to pass
through the screen to exit the flume, the
accumulation profile for easily transportable
forms of debris (e.g., small fiber fragments)
became uniform. This observation led to the
qualitative conclusion that the accumulation
profile on a partially submerged screen might
differ from that on a fully submerged screen.
However, this conclusion could not be tested
rigorously in the UNM flume because of the
limitations in the vertical scaling of the flume
cross section.

Other observations made from the UNM
experiments are listed below.

* Debris that is readily suspended in the flow
stream (i.e., small fiber or calcium-silicate
fragments and particulate matter) is
deposited uniformly across the exposed
screen surface area when the screen is fully
submerged. Hydraulic forces draw all
suspended material to the screen, where it
collects randomly. The deposition pattern
self-corrects for asymmetries in the debris-
bed depth when flow (and suspended
debris) is diverted toward regions of lower
flow resistance (i.e., blocked with less
debris.)

* The accumulation pattern (below the
surface of the pool and for the same debris
material) on a partially submerged screen
can appear to be slightly skewed toward the
bottom of the screen. This pattern does not
appear immediately but develops as debris
accumulates in the following manner.
Initially, suspended debris deposits on the
face of the screen in a near-uniform pattern.
The pressure drop across the screen
caused by the thin debris bed is manifested
as a difference (decrease) in water level
across the screen. As debris accumulates
on the screen, the axial velocity profile in
front of the screen changes. The velocity of
the water near the base of the screen
decreases, and the velocity of the water
near the pool surface increases. This shift
in the axial velocity profile allows some
debris to settle toward the base of the
screen, thereby increasing the concentration
of debris near the bottom the flume relative
to the top of the flume. Slowly, the debris
accumulation profile appears to grow more

heavily toward the base of the screen than
toward the surface of the pool.

Similar experiments have not been performed
for other forms of debris, such as RMI foils.
However, as described in Section 6.4.2, such
debris tends to accumulate in bottom-skewed
profiles even on fully submerged screens.

6.3.4 Debris Characteristics

From the discussion provided in Section 6.2, the
type and size of debris that approaches a sump
screen clearly affects its accumulation profile.
The data described in Section 6.4 clearly
indicate differences in the accumulation of
fibrous, calcium-silicate, and RMI debris on
vertical screens. In contrast, little difference in
the accumulation pattern would be expected if
these types of debris collected on a horizontal
screen close to or below the elevation of the
containment floor.

6.4 Test Data

Section 5 describes numerous experiments
that have been performed to evaluate the
hydrodynamic conditions required to move
debris of various types from their position of
arrival on the containment floor to the
recirculation sump. Many of these experiments
also provide valuable insights on debris
accumulation on a sump screen. These insights
and quantitative criteria for attaining the debris
accumulation patterns described above are
summarized in Section 6.4.2. However, before
these experiments are discussed, it is instructive
to review relevant information obtained from
BWR strainer performance tests.

6.4.1 BWR Strainer Tests

The BWROG and various ECCS recirculation
suction strainer vendors performed numerous
experiments to characterize the accumulation
and head loss associated with LOCA-generated
debris for replacement strainer designs
thoroughly. Although the local flow conditions
and strainer configurations differ considerably
from a PWR recirculation sump screen, certain
qualitative observations made from these
experiments are worth noting.

A common BWR replacement strainer design is
the 'stacked-disk strainer." This design consists
of a central perforated tube that is sealed at one
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end and mated to a flange at the other end for
mounting to an ECCS recirculation suction pipe
stub in the suppression pool. A series of
perforated disks is welded to the outer
circumference of the perforated tube, greatly
increasing the effective surface area of the
strainer without increasing its overall size. An
example stacked-disk strainer design is shown
in Figure 6-6.

Experiments performed to characterize debris
accumulation and associated head loss through
stacked-disk strainers were performed by
several vendors and BWR utilities. The results
of these tests provide useful information on the
manner in which debris accumulates on the
convoluted surface of this type of strainer
design. Figures 6-7 and 6-8 show sample test
results for increasing quantities of fibrous and
RMI debris, respectively.13 The process of
debris accumulation on a stacked-disk strainer is
more complicated than that on a flat screen. In
either case, the water flow always follows the
path of least resistance. With a stacked-disk
strainer, water flows through all of the screened
surfaces and debris is deposited onto all of the
screened surfaces, but the flow and deposition
are skewed toward the screened surfaces of
lesser resistance. Initially, the hydraulic
resistance through a "clean" strainer is
somewhat less along the surface of the central
tube than along surface of the outer fins,
resulting in somewhat more debris accumulation
within the gaps between fins. As debris
accumulates onto the disk-shaped surfaces
inside the gaps, the flow moving somewhat
parallel to these surfaces pushes the debris on
these surface further into the gaps, thereby
keeping a portion of the disk surface relatively
clean of debris until the gaps are filled, as shown
in the photographs on the left side of Figures 6-7
and 6-8. After the gaps are filled, the debris
preferentially occurs on the disk rims until the
accumulation becomes more circumferentially
near uniform.

6.4.2 Test Results for Vertical PWR Sump
Screen Configurations

Experiments conducted in a linear flume at ARL
in support of USI A-43 studied the buoyancy,
transport, and head loss properties of insulation
materials of various sizes and compositions

(discussed in Sections 5.2.1 and 5.2.4) Y56' In
addition to these properties, observations were
recorded concerning the water velocity required
for these materials to deposit on a vertical
screen. The experiments were performed in a
large linear flume; and the screen was
manufactured with a metal mesh similar in size
to that found on a typical PWR recirculation
sump screen. The sizes of the insulation
material spanned the full range from intact fiber
pillows and RMI cassettes to small fragments of
fiber and RMI foil.

The results of these experiments are
summarized in the first two rows of Table 6-1.
The results shown represent the velocity at
which debris of a particular type and size would
'flip up" or be lifted off the flume floor and
adhere to the screen surface. For shredded
fiber fragments, this velocity is relatively small
(0.2 ftls) and corresponds to the velocity
required to induce incipient motion of the
fragments in the flume. For larger pieces of
debris, the lifting velocity was generally higher
than that required to induce motion. For
example, intact fiber pillows or RMI cassettes
were observed to shuffle along the floor of the
flume at velocities above approximately 1 ftls.
However, velocities approaching 2 ft/s were
required to flip a pillow/cassette onto the screen
surface. Investigators at Bremen Polytechnic in
Germany observed similar results for intact
insulation units manufactured by a different
vendor, which are discussed in Section 5.2.7.Y 7

The flow conditions required for debris to deposit
on the upper portions of a vertical screen also
can be inferred from measurements made of the
velocity required to "lift" debris over a 2- or 6-in.
curb. Such measurements were made in a large
linear flume at UNMr 2 as part of a debris-
transport study (discussed in Section 5.2.5).
The so-called "lifting" velocity for fiber fragments,
moderate-size pieces of fiber matting, and RMI
foils are listed in Table 6-1. The values of the
lifting velocity are generally consistent with
earlier measurements of the flip-up velocity.
That is, debris can be lifted over a 6-in. curb (or
be lifted onto a vertical screen) at relatively low
velocities (i.e., less than 0.3 ftls) if the flow field
in the pool of water is turbulent. In laminar flow
fields, the "lift" velocity increases only slightly for
fiber fragments. Stainless-steel RMI debris was
observed to remain near the base of the screen

13 Note: The strainers are installed in a vertical
orientation in these photographs.
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Figure 6-6 Example Installation of a BWR Stacked-Disk ECCS Recirculation Suction Strainer

WM*_ARM*

Accumulation of a small amount of fiber between
fins of a stacked-disk strainer

Larger quantities of fiber span the gaps and begin to
form a coherent debris bed along the circumscribed
area of the strainer.

Figure 6-7 Fibrous Debris Accumulation on a Stacked-Disk Strainer"
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Accumulation of a small amount of RMI between fins
of a stacked-disk strainer

Larger quantities of RMI debris span the gaps and
begin to form a coherent debris bed along the
circumscribed area of the strainer.

Figure 6-8 RMI Debris Accumulation on a Stacked-Disk Strainer"4

Table 6-1 Minimum Screen Approach Velocity for Debris to "Flip Up" or be Hydraulically "Lifted"
Onto a Sump Screen

Velocity (ft/s)

Intact
Fiber Fiber Shredded Intact RMI

DATA SOURCE Pillows* Fragments Fiber * Cassettes SS RMI foils

U S. NRC (1983)" 1 1-2 4 0 5-0 7 0 2 -(turbulent) (turbulent)

U.S NRC (1984) - > 1 0 1 8-2 0

Bremen Polytech. 0.7-1 1 0.9-1.2 Tested by flipping 19
(1 995)" 0 9-1.3 (laminar) (laminar) observed 1.9o*

6-2 0 30-0 47 (laminar) 0 28-0 34 (laminar) No lift (laminar)
U S. NRC (2001) 0 25-0 39 (turbulent) 0.25-0.30 (turbulent) 0 30 (turbulent)

*Fibrous material varied among tests, but Included fiberglass and mineral wool
"Although SS foil fragments were observed to lift' and flip onto the vertical screen at these velocities, the debns mass remained

pnmariy near the bottom of the screen Brocard reports maximum flow blockage in such cases was 60-70% of the screen

area
#Fragment size typically 4-in x 4-in pieces of fiber matting
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at velocities greater than 1 ft/s when the flow
stream was laminar.

A significant limitation of the studies listed in
Table 6-1 is that none of them involved a
sufficiently large quantity of debris fragments to
allow observations to be made regarding the
accumulation pattern that would result at water
velocities above the lifting" threshold.
Experiments underway at UNM are examining
this topic.63 These experiments examine debris
bed patterns on a vertical screen for moderate-
and small-size debris fragments of fiber, RMI
foils, and calcium-silicate.

The preliminary results of the UNM tests
generally confirm the use of data for debris lifting
velocity to characterize the flow conditions
needed to generate a uniform debris bed profile
or (in the case of RMI foil), the bottom-skewed
profile shown in part (c) of Figure 6-3. Three
specific observations were made from these
tests.

* Shredded fiber and disintegrated calcium-
silicate developed a near-uniform debris
bed at velocities exceeding approximately
0.5 ft/s14 when the screen was fully
submerged. The debris-bed pattern shifted
toward the bottom-skewed shape when the
screen was partially submerged.

* Crumpled stainless-steel RMI foils (-2 in.
in size) accumulated in a bottom-skewed
pattern at velocities less than 1 ft/s.
Individual foils that arrive at the base of the
screen 'climbed" on top of foils that arrived
earlier and gradually formed a debris bed
that was triangular in cross-section.

* Very small particles of calcium-silicate and
suspended fibers collected on the screen in
a uniform pattern at velocities as low as
0.2 ft/s. A significant fraction of larger
calcium-silicate debris (e.g., clumps of
particulate and binding fiber) either settled
to the floor of the flume before reaching the
screen or collected as a mass near the base
of the screen at velocities as high as 0.9 ft/s.
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7.0 DEBRIS HEAD LOSS

This chapter discusses information related to
estimating the pressure drop (or head loss)
across the ECCS strainer or sump screen as
a result of debris build-up. This subject was
previous addressed in a knowledge base
report71 published the Committee on the Safety
of Nuclear Installations (CSNI) specifically
Section 4 of that report, entitled 'Strainer
Pressure Drop." This report summarizes the
head loss data and technical developments
achieved since that report was published in
conjunction with key aspects of the CSNI report.
In that sense, this section could be viewed as an
update to Section 4 of the CSNI report; even
through the two reports have different
sponsorship.

Attempts to resolve two major uncertainties
listed in the previous CSNI document were
specifically addressed herein. These
uncertainties were:

1. A proven, accurate, and repeatable
methodology for predicting the head loss
caused by mixed beds is not yet fully
developed. Although the U.S. NRC
methodology performs well for flat strainers,
its application to specialty strainers has not
been established.

2. Different test methodologies, setup design,
and test debris preparation may contribute
significantly to pressure drop. No
systematic evaluation has been performed
to discuss desirability of each test
methodology vis-d-vis other methods.

This section summarizes the present
understanding of the underlying phenomena and
their effect on the head loss and reviews the
experimental and analytical options available for
strainer design and performance evaluation.
Although the knowledge base that can be used
for such calculations has grown over the last
decade, data are still incomplete for several
combinations of materials present in U.S. and
European nuclear power plants (e.g., asbestos
or other micro-porous materials). Therefore, this
section makes several recommendations on the
need to obtain further head loss data or for
analysis of existing data.

Section 7.1 identifies the underlying phenomena
that affect head loss across the debris bed and
provides phenomenological discussions related

to their importance. Section 7.2 presents a
summary of the test design approaches adopted
by various researchers and their relative
advantages. Section 7.3 provides analytical
approaches for estimating pressure drop.
Section 7.4 discusses ongoing research on
outstanding issues.

7.1 Factors Affecting Debris-Bed
Build-Up and Head Loss

Head loss across the debris bed depends to a
great extent on the debris bed constituents and
their morphology. Debris beds of the most likely
importance can be divided broadly into the
following groups: (a) fibrous debris beds,
(b) mixed fibrous and particulate debris beds,
(c) beds formed by fragments of RMI, and
(d) mixed RMI and fibrous debris beds.

7.1.1 Fibrous Debris Beds

The accumulation of fibrous debris on the
strainer resembles flow through a porous
medium (Figure 7-1). Typically, the flow to a
strainer would deposit the fibrous shreds on the
strainer surfaces such that the fibers generally
lay across the strainer penetrations (i.e.,
somewhat perpendicular to the flow). The
subsequent drag caused by the fibers would
create a pressure differential across the bed of
debris. As the pressure drop across fibrous
beds increases, such beds have been observed
to compress, leading to progressively higher
head losses. Furthermore, it has been observed
that compressed beds do not completely regain
their original state when the water flow is
terminated. In most cases, the experimental
data obtained for fibrous beds can be explained
using conventional porous-media head loss
correlations.7-2 The insights discussed in the
following paragraphs were gained through close
examination of the test data.

Head loss across a debris bed increases linearly
with velocity in the viscous region and increases
to the square of the velocity in the turbulent
region.' Any model used to predict head loss
across the strainer should take both these
factors into consideration (unless the model is

'A combination of these asymptotes can be used to
describe the head loss behavior for velocities that lie
in the transitional region.
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Figure 7-1(a) High-Resolution Scanning Electron Microscope Image of Fibrous Debris

Figure 7-1(b) Low-Resolution Scanning Electron Microscope Image of Fibrous Debris
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developed for a specific velocity range and is not
intended to be applied outside that range).
Reference 7-2 provides a method f6rlincluding
viscous and turbulent head loss regimes into a
single correlation.

Head loss across the strainer is dependent on
the quantity of the fibrous debris trapped on the
strainer surface. A convenient measure for the
quantity of fibrous debris trapped on the strainer
is the debris bed thickness based on the as-
fabricated density of the insulation, i.e. defined
as the mass of fibrous debris per unit of strainer
area divided by the as-fabricated density. This
thickness has been generally referred to as the
'theoretical" thickness. Typically, head loss
varies linearly with bed thickness for beds that
are uniform or nearly uniform. Deviation from
this linear behavior has been seen where debris
has accumulated in a non-uniform manner on
the strainer surface, specifically such behavior
has been observed at lower bed thicknesses,
where clumps of fibrous debris have been
observed to deposit non-uniformly on the
strainer surface. The non-uniformity also may
lead to lower filtration efficiencies for entrapment
of non-fibrous debris passing through the
strainer. As a result, the pressure drop for non-
uniform beds would be lower than that predicted
by extrapolating data obtained for uniform beds.
This is an important issue that should be taken
into account when evaluating specialized
strainers designed to collect debris in a non-
uniform manner (e.g., a star strainer).

The size distribution of the fibrous debris is
another factor that significantly influences head
loss. Fibrous debris reaching the strainer may
vary in size from individual fibers to shreds or
clumps to large pieces of torn blankets.
Experiments conducted before the Barsebeck-2
incident (incident described in Section 9.1)
typically used larger debris fragments or
regularly cut pieces of the fibrous blankets.7 4

The Barsebeck-2 incident and investigations
since then have demonstrated that finer debris
fragments are more likely to reach the strainer
than the larger debris. As a result, considerable
attention was given to studying the head loss
characteristics of finer debris, which is much

2 At very low thicknesses, the debris bed may
resemble a partially blocked strainer, where only a
small fraction of the flow passes through the debris
layer and the remaining flow passes through the
open area.

more likely transport to the strainer surface.
Comparison of the pre- and post-Barsebeck-2
experimental database would suggest that, in
general, finer debris forms more uniform and
compact beds, which are more resistant to flow
than non-uniform or loose beds. Because finer
shreds have generally lost their original blanket
structure, the finer debris is more compressible
than large pieces of debris. Based on this
observation, it can be concluded that consider-
able attention should be paid to ensure that the
size classifications of debris used in the
experiments are representative of the debris
expected to reach the strainer following a LOCA.
Ultimately, engineering judgment must be relied
upon to arrive at the debris size classifications
used in the experiments. This judgment should
be based partially on the following considera-
tions: (a) the debris-size class is influenced
strongly by the type of insulation, the mode of
encapsulation, and the duration of its exposure
to harsh environments (i.e., its age) and (b)
debris disintegration would occur not only during
its generation but also during its transport (e.g.,
thrashing due to pool turbulence). These factors
should be considered when designing new
experiments or evaluating the applicability of a
particular set of experimental data.

Additional factors that influence head loss
include fibrous material type (e.g., mineral wool
vs fiberglass) and water temperature. Typically,
higher water temperatures result in lower
pressure drops that are caused primarily by
corresponding decreases in the water viscosity.
Analyses have successfully handled this effect
by simply accounting for the temperature
dependency in viscosity in the respective head
loss correlations. Similarly, the differences in
materials can typically be handled by accounting
for differences in the material properties of the
insulation and the individual fibers. A consistent
approach to handling both these factors is
described in Appendix B and in Reference 7-2.
Particular attention should be paid to ensure that
type(s) of debris used in the experiments and
analyses are representative of the debris
expected to reach the strainer. Head loss
estimates should also consider debris generated
from the destruction of the jacketing or
encapsulation materials used to install the
insulation (e.g., fiberglass cloth).

Finally, the effects of water chemistry (pH) on
head loss have been studied for fibrous
insulations. The data thus far indicate that this
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effect is minimal for the fiberglass insulations
commonly installed in U.S. nuclear power plants
(i.e., Nukon, Thermal Wrap, and Kaowool).
However, most tests were conducted over a
shorter interval and did not examine pH in
conjunction with the higher temperatures
typically expected for PWRs (e.g., 50-700C).
Some European investigators concluded that pH
could dissolve some of the chemical coatings
applied to the fibers, leading to their degradation
and the formation of even more compact beds.3

7.1.2 Mixed Particulate and Fiber Beds

The Perry incident first demonstrated (and it was
later confirmed by the Limerick incident) that
fibrous debris beds would filter the particulate
debris passing them, leading to the formation of
very compact beds, and that such beds induce
high head losseS7 -47-5 (both incidents are
described in Section 9.2). Before the Perry
incident, the majority of the investigations
focused on measuring head loss for pure fiber
beds. However, since then the focus shifted
from pure fiber beds to debris beds formed of
fibrous and particulate mixtures. The particulate
mixtures examined typically included corrosion
products, paint chips, organic sludge, concrete
dust, and fragments of non-fibrous insulation
(e.g., calcium-silicate). Attempts have been
made to characterize the characteristics of the
debris (e.g., size distributions) and to use
appropriate material to simulate LOCA-
generated debris in experiments and the
appropriate characteristics in analyses.
Subsequent experiments have shown that the
addition of particulate debris would increase the
pressure drop substantially.7 2 This data clearly
demonstrated that the head loss could increase
by a factor of 100 as the particle-to-fiber mass
ratio goes from zero to about 20. This is
discussed further in Section 7.3.1.1 and in
Reference 7-2.

The experiments also established that for a fixed
amount of particulate debris, pressure
differentials across the bed are significantly
higher for smaller, rather than larger, quantities
of fibrous material. This effect, which often is
referred to as the thin-bed effect, has been
studied extensively. Closer examination of the
bed morphology reveals that thin beds closely
resemble granular beds (rather than fibrous

3 Personal communications from M. Henncksson,
Vattenfall.

beds) and that higher head loss is a direct result
of bed morphology.

This effect is illustrated in Figure 7-2, which
shows head losses vs fiber volume for fixed
quantities of particulate, as predicted using the
NUREGICR-6224 head loss correlation. In
Figure 7-2, the thin-bed peaks (near the center
of the figure) reflect the higher head losses
associated with the thin layer fiber supporting a
granular bed of particulates. Note that head
losses for mixed beds only exceed those of the
thin beds at the excessively large volumes of
fiber (at the right side of the figure). Even if a
plant has large quantities of fibers that could
lead to potentially thick mixed beds of debris, the
initial bed formation would begin with a thin layer
of fibers that could cause a thin bed head loss
relatively early into the accident.

A significant number of experiments have been
carried out to measure the head loss effects of
mixed particulate and fibrous debris beds. The
particulate debris of primary importance to
many of the investigators was suppression-
pool sludge. Fewer investigators focused on
obtaining experimental data for debris other than
sludge. The key findings are discussed in the
following paragraphs.

Sludge
Corrosion products, primarily, along with dirt,
dust, and other residues commonly found in
U.S. BWR suppression pools are referred to as
the BWR sludge or sludge. Surveys of U.S.
BWR pools found that significant quantities of
sludge are present in the suppression pools.
Similar surveys of the European BWR suppres-
sion pools suggest that quantities of sludge are
minimal in European pools. As a result, the
majority of the head loss data for sludge and
fiber combinations was obtained in the U.S.

The head loss effects of sludge were found to
depend on the size distribution of the sludge.
The U.S. NRC and BWROG established a
consensus position on the sludge size distribu-
tion for use in experiments. It was based on the
survey of U.S. BWR suppression pools. The
base of U.S. knowledge on fiber and sludge
head loss behavior is summarized in NUREG/
CR-62247 2 for flat-plate-strainer geometries
and the BWROG URG for large-scale strainers
of different designs. Additional proprietary
data exist for advanced strainers, such as
GE stacked-disk strainers and ABB strainers
(described in Sections 8.2.1.2 and 8.2.1.3). It
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Figure 7-2 Head Losses vs Fiber Volume for Fixed Quantities of Particulate
(Predictions assumed LDFG insulation debris, dirt particulate, 200 0F, 100 ft2 of screen area, and 5,000 GPM flow.)

has been shown repeatedly that NUREG/
CR-6224 provides a reasonable upper bound
estimate for head loss caused by fiber and
sludge mixtures.

Miscellaneous Debris
It was recognized that miscellaneous forms of
particulate debris could also accumulate in a
fibrous debris bed on a strainer along with the
dominant form of particulate. ARL first reported
head loss data for miscellaneous debris
combinations.7 27 In these NRC-sponsored
experiments, head loss was measured for fiber,
paint chips, and rust flakes. No correlations
were developed for that data. The most
comprehensive database for miscellaneous
debris is reported by the BWROG using a
gravity-driven head loss setup. BWROG
quantified the head loss effects of corrosion
products, paint chips, rust flakes, sand, cement
dust, zinc filler, and calcium-silicate. The
measured data were summarized in the
BWROG URG.7 1'°

Calcium-Silicate
The head loss behavior of calcium-silicate debris
materials has been investigated in various
facilities, including the tests conducted by
Vattenfall Development Corporation,7-19 the
BWROG, 7-10 and ITS Corp. 2 The publicly
available data on the head loss as a result of
mixtures of fiberglass and calcium-silicate
insulation debris materials from these

experiments is summarized in Table 7-1. The
tests were conducted at water temperatures
between 60 and 700F.

The assessment of the publicly available data
on the head loss behavior of mixtures of
calcium-silicate and fiberglass insulation debris
materials indicates that calcium silicate in a
fibrous debris bed affects the pressure
differential across that bed in the same manner
as the corrosion products, however that effect
under certain conditions is stronger for the
calcium silicate particulate.4 Another way to look
at this effect is that when predicting a debris bed
head loss, if the calcium silicate is treated as a
simple particulate, it can cause a serious under-
prediction of the head loss under certain
conditions.

Further this effect appears to be dependent on
the theoretical fibrous-debris-bed thickness. For
a relatively thick fibrous bed, the effect could be
relatively small, however for a relatively thin fiber
bed, the effect of calcium-silicate debris
materials can be substantial. In fact, for the
same fiber loading and flow conditions, the head
loss with calcium-silicate may increase the head
loss without calcium-silicate by a factor of about
50 when the theoretical fiber bed is about 0.5 in.

4 Calcium silicate in a member of a type of insulation
referred to as micro-porous or particulate
insulations (Section 2). Other members of that
insulation type would behave in a similar manner.
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Table7-1 Head Loss Test Data for Mixtures of Calcium-Silicate and Fiberglass Insulation Debris

e st Screen Flow Rate Fiber Mass Cal-Sil Mass Head Loss Ref
Test__ Area (ft 2  WPM) in Tank (Ibm) in Tank (ibm) (ft-water) _______

0 0.08 5 0.066 0 8.7 7-19
4 0.08 5 0.015 0.003 12.5 7-19
7 0.08 5 0 033 0.033 7.4 7-19
9 0.08 5 0 0.013 10.5 7-19
11 0.08 5 0.004 0.004 9.0 7-19
13 0.08 5 0.013 0.002 14.3 7-19
16 0.08 5 0.024 0.024 11.8 7-19
20 4.7 200 0 0.09 0.8 7-28
21 4.7 200 0.6 0.09 12 7-28
22 4.7 200 6 0.09 3.8 7-28
29 4.7 200 0.6 0 0.9 7-28
18* 18 5000 12 0 16.7 7-10
19** 18 5000 12 5 33.3 7-10

'Test 29 included 1.8 lb of corrosion products in the tank.
**Tests 18 and 19 also included 180 lb of corrosion products in the tank.

Based on these results, it may be possible that
the head loss resulting from mixtures of
fiberglass and calcium-silicate debris materials
can be estimated by the NUREG/CR-6224 7-2
head loss correlation in combination with a
bump-up factor5 that is a function of the
theoretical fibrous-debris-bed thickness,
however, further analysis is required to support
this conclusion.

In contrast to other types of particulate, the test
data indicate that calcium-silicate debris
materials cause a head loss even without fibrous
insulation debris present in the bed. Calcium
silicate insulation contains its own fibrous
material, however these fibers tend to be very
fine and therefore pass more easily through
strainers than does the fibers from fibrous
insulations. Corrosion products would simple

5 As originally proposed by the BWROG,.7- 0 the
bump-up factor was the ratio of the head loss due
to fiber, corrosion products, and miscellaneous
debris to the head loss of the fiber and corrosion
products without the miscellaneous debns (at a
specified velocity). In other words, it became a
method for accounting the addition of particulates
other than corrosion products under conditions
where corrosion products were the main source of
particulate (BWR conditions). In this discussion,
the bump-up factor represents the relative increase
in head loss due to calcium-silicate when corrosion
products are not present (PWR conditions). When
using a bump-up factor method, the bump-up factor
must be defined along with the data for a complete
understanding of that data.

pass through the strainer if a material like fiber
were not present to filter the particles from the
flow.

Experiments are ongoing at the University of
New Mexico (UNM) under U.S. NRC
sponsorship to study the head loss effects of
calcium-silicate. Data from these studies
confirm the following trends.

* The addition of calcium-silicate significantly
increases head loss and a bed formed of
calcium-silicate and fibrous debris is
compressible and compact.

* The head loss effects of calcium-silicate in
combination with fibrous debris are sensitive
to the operating temperature of the flowing
water, i.e., higher temperatures typically
induced higher head losses from what
appears to be a chemical softening of
calcium-silicate.

* Calcium-silicate can induce significant head
losses by itself, without the simultaneous
presence of the fibrous debris.

* The NUREG/CR-6224 correlation will need
considerable modification if it is to be used
to predict calcium-silicate head loss
estimates.

7.1.3 Reflective Metallic Insulation

The head loss caused by RMI fragments has
been studied experimentally by various U.S. and
European investigators. 7-77-87-9 Review of
these experiments suggested that the head loss
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caused by RMI fragments is extremely sensitive
to the type, shape, and size of the fragments
used in the testing program because these
properties of RMI debris effect the bed structure,
i.e., the pressure differential across a bed of RMI
debris is strongly dependent upon the structure
of that bed.

LOCA generated RMI debris would likely
consists of pieces ranging from small and
deformed shreds, to large sheets of foil with
varying degrees of damage, to relatively intact
cassettes. The relative damage to RMI
insulation would depend upon its relative
location to the LOCA jet, i.e., the higher the jet
pressure, the more damage would occur
(referred to Section 3.3.3). Insulation exposed
to high jet pressures would look more like that
shown in Figure 3-8. At lower pressures, the
debris would contain more of the larger pieces
as illustrated by Figure 3-19 showing data from
the BWROG tests. Although a spectrum of
debris would be generated, the spectrum of
sizes on the strainer would be skewed towards
the smaller sizes because the smaller pieces
would transport to the strainer or sump screen
substantially easier than would the larger pieces.
It takes, for example, a relatively fast flow of
water to move an intact RMI cassette along the
floor of the sump.

Whereas research performed in Finland tended
to focus on larger RMI foils accumulating on the
strainer, recent research in the U.S. focused on
the smaller debris. Early U.S. research focused
on damaged cassettes producing large foils.
These different research focuses tended to
produce differing results and perhaps
conclusions that were more appropriate for the
respective classifications of debris. The smaller
debris would transport easier to the strainer,
causing more debris accumulation, and would
accumulate in a random pattern. Alternately,
larger relatively flat foils, assuming the pieces
could transport to the strainer, could conceivably
accumulate in a somewhat organized and
stacked arrangement resulting in higher
postulated head losses than would be caused by
the random small piece debris bed. Thus, RMI
debris head loss considerations are dependent
upon the conditions of debris generation and
debris transport.

U.S. Research on Large Foils of RMI
Experiments performed as part of USI A-43
postulated that damaged RMI cassettes would

release large (primarily) undamaged foils that
then would be transported and accumulate on
the sump screen.7 3 However, the focus of the
testing was measuring the water velocity
required to flip the foils onto the screen,
assuming the foils could be transported to the
base of the screen. It was assumed that after
the foils accumulated on the screen, the foils
would partially block the flow. Very little
experimental data were collected on the head
loss implications; instead, the emphasis was on
the square footage of transported debris versus
the screen open area.

U.S. Research on Small Pieces of RMI
Experiments performed as part of BWR strainer-
blockage research used small pieces of
simulated stainless steel and aluminum RMI.
Based on actual collected LOCA steam/water jet
generated RMI debris, simulated debris was
hand manufactured to resemble the actual
debris by cutting RMI foils from an insulation
cassette into small sheets and then artificially
damaging the foils. This process resulted in
pieces of RMI debris referred to as 'crumpled'
debris. (Further descriptions of the debris and
the head loss data are provided in the later
sections.) These experiments demonstrated
that RMI fragments typically form loose beds
that induce low head losses. Figure 7-3 is a
picture of RMI debris accumulation on a strainer.
Visual examination of the RMI debris beds
suggests that crumpled RMI fragments
accumulated with their major cross-sections
aligned generally perpendicular to the flow
direction. It is also apparent that crumpled
debris beds tended to be relatively uniform and
typically have high porosity. The beds formed
of smaller debris tended to be more compact
than the beds formed of the larger debris; the
most compact debris bed was observed when
fragments ranging in size from Y in. to 4 in.
were allowed to accumulate randomly on the
strainer surface. Finally, aluminum RMI debris
tended to form more compact and compressible
beds than did stainless steel RMI debris. As a
result, aluminum beds resulted in approximately
25% more head loss than the stainless steel
debris beds for a fixed number of foils. Head
loss data for crumpled RMI debris were
obtained in the U.S. by (a) the NRC;7-9 (b) the
BWROG; 7-10,714 (c) Performance Contracting
Inc.;7-11 (d) GE;7-' and (e) the LaSalle nuclear
power plant.7 '3

7-7



Figure 7-3 Aluminum RMI Accumulation on a Stacked Disk Strainer7'13

Flat Pieces of RMI
To measure head loss, Finnish researchers
used regularly cut pieces of RMI foils that had
1-mm deep dimples and some curvature to the
foils.74 7 -15 At the time these head loss
experiments were conducted, RMI debris had
not been adequately characterized; all that was
known was that irregularly sized and shaped
debris would be produced and this was based
on one HDR test. Not being able to reproduce
"prototypic" debris, the researchers resorted to
parametric studies. Note that the 1-mm deep
dimples in the foils were manufactured into the
foils to space the foils in the insulation cassettes,
hence these dimples also maintained spacing in
the foil debris, as well. Although no
observations regarding bed structure were made
in the original tests, a later investigation
provided considerable insights into how bed
structure may impact head oss. -16

The understanding of the Finnish researchers
was that flat pieces of RMI debris would tend to
land flat on the surface of real strainers, thereby
building up a bed resembling a disordered deck
of cards. The more crumpled the debris, the
more space there would be inside the debris
bed. In such a model, the flow between the
layers of foil can be simulated as flow through
channels; hence, pressure changes can be
predicted using standard flow channel models
(e g., head loss is proportional to the length

divided by hydraulic diameter). Other
researcher insights on pure RMI include:

* RMI debris bed head losses are controlled
by bed geometry much more than by
characteristics of the individual debris
elements; and the geometry in turn is
controlled by how the debris arrives onto the
screen.

* The larger the batch of debris approaching
the filter at a given time, the smaller the
head loss, i.e., the accumulation density
affects the interstitial spacing in the debris
bed so that a higher accumulation density
leads to more interstitial space. During
testing, the accumulation density can affect
the edge effect.

* Accounting for edge effects is important
even when testing prototypical strainers.

These data also are described in the following
sections and have not been used in the U.S
strainer-design analyses.

7.1.4 Mixed Fiber and RMI Debris Beds

Mixed-fiber and crumpled RMI debris beds have
been studied for head loss implications both in
the presence of particulate debris and without
particulate debris. A typical post head loss
debris bed (after removal from the test
apparatus) containing RMI pieces, LDFG,

7-8



" " I I I 4 \ w,

and prototypical BWR sludge is shown in
Figure 74(a) and a typical RMIILDFG debris
accumulation on a strainer is sho6wrin
Figure 7-4(b). The head loss data showed wide
scatter. In most cases, the RMI head loss tests
demonstrated that the introduction of crumpled
RMI debris, in combination with fibrous debris
and sludge, does not cause significantly different
head losses than those observed with only fiber
and sludge loadings. In fact, the most significant
finding of the U.S. NRC tests was that under
certain circumstances when RMI debris was
mixed with fibrous debris and sludge, the head
losses appeared to decrease as compared with
similar conditions without RMI debris. However,
in a few cases (e.g., the BWROG tests), it was
noted that the head loss caused by RMI and
fibrous debris mixtures was slightly higher than
the head losses at the same fiber loading but
without RMI. However, in all cases, the head
loss caused by RMI debris in conjunction with
fibrous (and other debris) was found to be
bounded by adding the head loss caused by the
individual constituents of the debris bed. As a
result, U.S. NRC concluded that head loss
impacts of a mixed RMI and fiber debris bed
should preferably be based on measurements,
or alternately can be calculated as an algebraic
sum of fiber and RMI components after
accurately accounting for the strainer geometry.
However, it should be noted that these types
of tests have not been repeated using
particulate insulation debris (e.g., calcium
silicate) instead of or in addition to the sludge
debris actually used.

Finnish investigators also obtained head loss
data for flat RMI pieces in conjunction with
fibrous debris. They concluded that due to
synergistic effects head loss caused by the
mixed beds would actually be higher than the
sum of individual contributions.7 7-16

7.2 Review of Experimental
Programs

Head loss experiments were conducted by the
following investigative organizations located in
Europe and the U.S.6 and were reviewed in this
report.

6Some experimental investigations were conducted in
Canada but their results were not shared in public
forums and hence were not included in this review.

* United States Nuclear Regulatory
Commission (U.S. NRC)7 ,7-37-9

* Pennsylvania Power and Light Co.
(PP&L)p'7

* Performance Contracting, Inc. (PCI)7 '1

* Finnish Center for Radiation and Nuclear
Safety (STUK) 7 -15.7-16

* Vattenfall Development Co., Sweden
(Vattenfall 7-17-2

* Kernkraftwerk, Leibstadt, AG (KKL) 7-2'
* ABB Atom/Combustion Engineering (ABB)

(proprietary to the company)
* Boiling Water Reactor Owner's Group

(BWROG)7-10

* Fitzpatrick Nuclear Power Station (USA)
* General Electric Nuclear Energy Company

(GE) (USA)7-12

* Continuum Dynamics, Inc. (CDI) (USA)7-22
* Millstone Nuclear Power Plant (USA) 7-2
* Zion Nuclear Power Plant (USA)7-23

* LaSalle County Nuclear Generation Station
(USA)713

* Mark Ill BWR Owners Group (USA)V-24

With the exception of a few investigators (e.g.,
Mark Ill BWR Owners Group, Millstone, and
Zion), strainer-head loss measurements were
made with no regard for debris transport or the
inherent coupling that exists between debris
transport and debris build-up. Instead, most
tests presupposed that the quantity of debris
that might be deposited on the strainers could
be determined through other means, such as the
assumption that debris would be distributed
among operating strainers in proportion to their
relative flow rates. Furthermore, the experiments
sought to create conditions that assured uniform
bed formation on the strainers.

The experimental approaches varied
considerably, depending on what information
was sought. The test setups used by these
organizations can be divided broadly into four
categories.

1. Horizontal flat-plate strainer setup arranged
in a closed-loop test section

2. Vertical flat-plate strainer setup arranged in
flumes

3. Prototype strainer modular testing
4. Semi-scale strainer testing

A review of the experimental approaches
suggested that the approaches chosen have
varied considerably, depending on the
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Figure 7-4(a) RMI/Fiber/Sludge Post Head Loss Test Debris Bed

Figure 7-4(b) RMI and Fiber Accumulation on a Strainer
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objectives of the experimenter, which varied
from obtaining prototype test data that can be
used directly in the plant-specific analyses to
collecting separate-effects test data that can be
used to develop a differential head loss model,
which in turn can be used in the plant-specific
analyses. Correspondingly, test geometries and
test procedures have varied significantly. These
differences have been known to contribute
significantly to the test data variability, as
elaborated below.

* Differences in the test setup and geometry
can introduce significant variability in the test
data. An example is that head loss
measured across prototype strainers (e.g.,
a stacked-disk strainer or the ABB/CE
strainers) at small debris loadings7 was
found to be significantly different from that
measured across flat-plate strainers (or
semi-conical strainers) at the same debris
loading. The difference is more pronounced
for certain combinations of debris types and
flow velocities. Typically, this difference is
attributed to the fact that debris build-up on
the special-shape strainers is unique and
non-uniform. As a result, prototype strainers
tended to exhibit nonlinear relationships
between head loss and debris loading,
which is in stark contrast to the linear
relationship observed for flat-plate strainers.
These differences in the data trends led
some experimenters to conclude that flat-
plate strainer data could not be used to
predict the head loss caused by special
strainer shapes.

Even among flat-plate strainer experiments,
the data variability is significant between the
NRC/ARL tests, which used closed-loop
systems equipped with pumps, and the
CDI/BWROG gravity-head loss tests. Here
the differences can be attributed to
differences in the bed compression and bed
formation.

* Differences in test procedures may add to
some of the data variability. Experiments
have shown that differences in (1) the time
sequence in which different debris species
accumulate on the strainer and (2) the
concentration at which debris approach the
strainer affects head loss considerably.

7Expressed in terms of debris mass per square-foot
of the strainer area or, alternately, in terms of
theoretical thickness.

These differences were found to affect bed
morphology and uniformity.

This observed variability in the head loss
measurements has led to confusion regarding
the acceptability and applicability of test-data
usage in the plant-specific analyses. In
particular, it often has led to debate, without a
consensus outcome, on what is the most
appropriate approach for assessing strainer
pressure drop performance. This uncertainty
was reflected in the CSNI report. But as the
research matured, common frameworks for
addressing the variability has emerged, and this
section takes a critical look at options available
for performing tests and their relative merits.

7.2.1 Flat-Plate Strainers

Before the 1990s, the ECCS designs used
conventional suction strainers (e.g., truncated-
cone strainers, cylindrical strainers) and
rectangular sump screens. The earliest
experimenters (USI A-43) used small, perforated
strainer plates to experimentally simulate the
head loss performance of these regularly
shaped strainers with the understanding that
debris build-up on conventional strainers would
be fairly uniform and that at a differential scale,
the flat-plate would be a reasonable
approximation for the curved strainer surface.
Figure 7-5 illustrates how a portion of the debris
bed on a strainer would behave in a manner
similar to debris in a test loop, assuming both
have a like thickness and composition. The
validity of this assumption depends somewhat
on the thickness of the debris bed. For a thin
bed, the assumption is certainly valid, but for a
thick bed, the curvature of the strainer may have
to be considered because there would be more
debris per unit area in a curved bed than in a flat
bed of the same strainer area due to the
curvature. However, this consideration has
generally been less significant than other
experimental uncertainties. Thus, flat-plate
strainers present the simplest similitude for the
conventional suction strainerstsump screens.
The only scaling issue considered to be
important relates to the dimensions of the test
screen perforations relative to actual strainer
perforations. (BWR strainers commonly used
plate strainers compared with PWR sump
screens that use wire-mesh screens.)
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Figure 7-5 Equivalency Between a Truncated Cone Strainer Debris Accumulation and Flat-
Plate Strainer Simulation

A typical example of a flat-plate-strainer test
setup is presented in Figure 7-6. This test setup
was originally used in the U.S. NRC tests that
supported the resolution of USI A-43. Several
insulation and strainer vendors, PCI and
Transco, and nuclear power plant owners also
used this same setup. In this setup, a 1-ft-
diameter perforated plate, with a representative
diameter for the perforation holes, was arranged
horizontally in a closed loop equipped with the
necessary instrumentation. A large-capacity
pump capable of maintaining sufficiently high
velocities circulated water through the test loop.
Debris was introduced at the top of the setup
and allowed to settle down on the strainer face
and the corresponding head loss was measured.

The primary advantages of this type of testing
are as follows.

1. Because the volume of water present in the
test setup is small, it is possible to conduct
the tests at elevated water temperatures and
appropriate water pH and to quantify the
effect of water temperature and pH on head
loss.

2. The low surface area of the piping and
equipment also means that it is easier to
clean the test setup between tests.

3. Because the test setups typically use small
strainer plates, the quantity of debris to be
used in each test is small. This reduces the
costs of experiments.
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Figure 7-6 Vertical Flat-Plate-Strainer Head Loss Facility at Alden Research Laboratory8

8 Such a facility is also operational at the University of New Mexico where head loss testing is ongoing at this time.
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4. The experimenter can access the strainer
easily after testing is completed and retrieve
the debns bed without disturbing it. This
allows the option to measure the actual
quantity of debris, especially the sludge-like
fine debris, deposited on the strainer surface
vis-d-vis the quantity added to the loop and
to examine the bed morphology analytically.
This information can be used to develop a
direct relationship between the bed
morphology, the quantity of debris on the
strainer, and the resulting head loss.

There are four major drawbacks for this
particular design:

1. The debris introduction is artificial and non-
representative. The experimenter drops the
debris at the top of the setup and allows it to
be deposited on the strainer under the
combined influence of gravity and fluid drag.
If performed improperly, this could result in
some non-uniformity, which has a potential
to render the test data non-conservative. It
is strongly recommended that test
procedures be developed to ensure that the
debris build-up would be uniform.
Introduction of debris over a long period of
time and uniformly across the flow cross
section seems to overcome this drawback.

2. The presence of the wall around the strainer
has a potential to create peripheral gaps
between the debris and the wall (because of
the irregular shape of the debris). If these
gaps are sufficiently large, a significant
portion of the flow may pass around the
debris bed instead of through it. This is an
inherent shortcoming of these tests; as
noted by STUK investigators, if close
attention is not paid to this issue, it could
lead to non-conservative test data. This
concern appears to be significant for large
irregularly shaped debris, such as RMI. For
smaller debris, this concern may not be
critical, but nevertheless should be
evaluated and either eliminated (if possible)
or minimized. In general, if the
characteristic dimension of the largest debris
is much smaller than the test filter
dimensions, then the peripheral gap effect
will not invalidate the test results.

3. Some of the finer debris (e.g., sludge) may
settle out in the loop where the flow
velocities are expected to be low.
Concentration measurements should be
used to ensure that finer debris is not

settling out in the loop. Furthermore, the
loop should be designed to ensure that the
flow velocities in the horizontal sections are
sufficiently large to rule out extensive
deposition of finer debris.

4. It is not possible to obtain single-pass-
through filtration data from this closed-loop
system. If information regarding the filtration
efficiency of debris bed is important, then
other alternatives to this setup should be
sought.

Important Considerations for Future
Experimenters
Although the flat-plate-strainer similitude was
known to possess several shortcomings, it has
long been thought that this approach would
result in 'conservative" head loss measurements
for most debris types of interest.9 The
acceptability of this approach has gained
considerably from the fact that these tests are
easy to design and conduct. Furthermore,
because these tests are cheaper, it is possible
to repeat them extensively and also to perform
several exploratory tests to identify controlling
test conditions that should be captured in the
larger scale experiments. As a result, many
investigators have used this test setup and
reported experimental data for a variety of
insulations and fluid velocities. Also, much of
these test data formed the basis for several
regulatory decisions both in the U.S. and
Europe. In any case, the use of the flat-plate
head loss data in conjunction with prototype
strainer testing has proven to be an effective
method of evaluating strainer head loss.

These tests are ideally suited for the following
purposes:

1. To perform separate-effects tests. These
tests explore the effect of each individual
test parameter (either separately or in select
combinations) on the head loss. Such an
understanding would help the experimenter
(a) to assess the need for conducting larger-
scale tests and (b) to optimize the number of
tests to be conducted in the larger scale
tests.

91f proper procedures are followed, the setup allows
for uniform distribution of debris on the strainer
surface and thus results in higher head losses than
the plant strainers.
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2. To augment larger-scale test data. For
example, consider that an experimenter
obtained head loss data for fibrous debris
bed formed on a stacked-disk strainer. The
vendor now would like to quantify the effect
of adding a small quantity of calcium-silicate
on the head loss. The closed-loop flat-plate-
strainer test setup can be used to measure
the bump-up in the head loss (caused by
addition of calcium-silicate) and use that
information to scale the large-scale test data
proportionally. Several past investigators
have used this approach to augment strainer
data and account for the effect of small
quantities of miscellaneous debris (e.g.,
paint-chips, calcium-silicate, and asbestos).
However, it should be noted that (a) the fluid
velocity through the bed in complex strainers
varies considerably and (b) the bump-up
factor also varies with fluid velocity.
Therefore, data from a flat-plate strainer,
when used to augment larger scale head
loss data, should be used judiciously.

3. To judge performance of regularly shaped
strainers. The flat-plate strainers are a fairly
adequate representation of truncated-cone
and cylindrical strainers, especially at low
debris loads. However, at higher debris
loads, the debris build-up on the cylindrical
strainers tends to resemble an ellipsoid.
Application of flat-plate strainer data at
higher debris loads may result in
conservative conclusions.

4. To develop head loss models. If head loss
models that can effectively predict head loss
caused by debris buildup on advanced
strainer designs can be developed and
validated for use with advanced designs, it
would streamline the process of tailor-
making the strainers for each plant
application. Section 7.3.2 provides an
approach for how a head loss model
developed based on flat-plate strainers can
be used to predict the head loss caused by
stacked-disk strainers.

Recently, there has been considerable debate
among experimenters regarding the benefits of
using flat-plate-strainer test setups and the
acceptability of the conclusions reached from
flat-plate strainer test programs. There has
been some evidence presented by STUK
investigators that the inherent geometrical
features of the flat-plate-strainer test setups
and the commonly used test procedures could

have a potential to make the test data non-
conservative for some debris types. The
specific debris of concern is large RMI, either
with or without fiber, although similar concerns
may exist for other debris types. There also
have been concerns that the application of flat-
plate-strainer test data to evaluate the head loss
performance of advanced strainer designs is
complex and impractical.

Known Variations in the Geometry
Several investigators used the closed-loop test
setup shown in Figure 7-6. Primary examples
are (a) U.S. NRC tests for head loss data for
fiberglass, sludge, and RMI debris, (b) U.S.
vendor tests for measuring the head loss effect
of calcium-silicate debris, (c) Bremen
Polytechnic tests for head loss data related to
KAEFER insulation materials, and (d) KKB
Bericht head loss tests. The Swiss investigators
and Vattenfall research reportedly modified this
experimental setup considerably by to improve
the means by which debris accumulated on the
strainer plate. Figure 7-7(a) presents a
schematic of the test setup used in the KKL
tests. In these tests, the flat-plate strainer piece
was installed horizontally on the open end of the
pump suction line. The pump suction line and
the strainer were located in an open tank. The
pump takes suction from the tank through the
flat-plate strainer and returns the filtered water to
the same tank, thus forming a closed loop. The
debris was added to the tank and allowed to
accumulate on the strainer surface gradually. A
mixer was used to ensure that debris would not
settle out in the tank.

This design modification retained the
advantages of the closed-loop testing (small
water volume, small surface area for deposition
of sludge-like debris, etc.) and thus still provides
an option to conduct tests at elevated
temperatures and pH. It is possible that beds
formed on the strainer would be more
prototypical at the smaller debris loadings.
However, at higher debris loadings, it is possible
that bed build-up could be affected significantly
by the tank turbulence, perhaps thereby
affecting bed uniformity at the periphery of the
bed. Nevertheless, prospective investigators
should evaluate this variation and use it as
necessary.
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Figure 7-7(a) Flat-Plate-Strainer Head Loss Facility Used in KKL Testing

The BWROG developed an alternative approach
that did not involve a pump and had one-through
flows. This setup, referred to as the gravity
head loss test setup, relied on the static head of
water above the strainer to drive flow through
the debris bed. As shown in Figure 7-7(b), this
apparatus consists of a 16-ft-long, 6-in.-diameter
clear plastic tube. The bottom of the tube had a
sealed perforated plate to simulate a strainer
and the top end was open. Water mixed with
debris was introduced to the pipe, and sufficient
time was allowed for debris to settle. In theory,
because the debris is well mixed with water, the
settling process would result in formation of a
uniform bed on the strainer surface.
Immediately below the strainer plate was a
.quick-release" hinged sealing plate that was

opened quickly to induce water flow through the
pipe. A pressure transducer monitored the water
level as a function of time. This data was used
to derive head loss and fluid velocity data.
However, this approach had several
deficiencies, among them are the following:

(a) The test setup did not compress the bed
before the head loss was measured.

(b) There was no assurance that the debris
beds were uniformly formed, especially
when the experiments involved sludge.

This setup consistently resulted in lower head
loss measurements. These deficiencies lead
the U.S. NRC to conclude that the use of the
test data by itself in the plant analyses was not
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acceptable, therefore only limited use of the test
data was allowed. Future investigators are
strongly advised against using this setup.

7.2.2 Flat-Plate Strainers in Flumes

Starting in the 1980s (e.g., the USI A-43 study),
vertical perforated flat-plate strainers located in
the horizontal flumes were used to simulate
PWR sump screens. Flume transport
experiments have shown that debris tends under
certain conditions to accumulate non-uniformly
on the PWR sump screens, preferentially near
the floor. The flume test setups were designed
especially to study this type of debris build-up
and its effect on head loss. In general, this
setup retains the primary advantages of the
closed-loop setups described above, and
attempts to simulate the unique pattern of debris
build-up on the PWR screens at the same time.

Figure 7-8(a) presents a schematic of the test
setup used in the early NRC tests. In these
tests, a horizontal flume several feet long was
used to simulate water flow on the PWR
containment floor approaching the sumps.
Water enters on the right side of the flume at a
pre-selected flow rate and flows through a
perforated plate designed to reduce the flow
perturbations. Debris introduced downstream
of the perforated plate will be transported by
the flow to the vertical flat-plate sump screen
located near the far end of the flume. The head
loss effect of debris build-up was then easily
measured. Figure 7-8(b) is a photograph of
large foil debris accumulation against the
strainer/screen surface.

The primary advantages of this test setup are as
follows:

1. This setup provides a more realistic
representation, compared with the vertical
setup described above, of debris build-up on
vertical screens and its potential effect on
head loss. Some of the past tests have
shown that heavier debris (e.g., stainless-
steel RMI and paint chips) would result in
relatively small pressure differentials across
the screen, due primarily to the observed
non-uniformity in the debris bed.

2. This setup can be used to evaluate
experimentally the effect of key geometrical
features of the sump (e.g., curbs and
multiple screens) on the head loss caused

by accumulation of a specific quantity of
debris.

3. If sized appropriately, this setup retains most
of the advantages listed above for the flat-
plate strainer. For example, the setup could
be designed to provide high-temperature
and high-pH environmental conditions.

4. External means could be used to create
prototypical flow patterns closer to the
screen to ensure that the debris
accumulation is representative of debris
build-up on an actual plant sump screen.

The primary disadvantages of this setup are as
follows:

1. This setup retains most of the
disadvantages of the flat-plate strainers. For
example, the presence of the wall around
the screen has a potential to create
peripheral gaps between the debris bed and
the wall.

2. Although the setup presents an illusion that
the debris build-up is prototypical, the debris
build-up on the screen would not necessarily
be representative of actual plant conditions.
The debris build-up is a function both of
gravity and the flow patterns closer to the
screen. It is not necessarily true that a
vertical screen arranged in an arbitrary
flume would automatically provide the
prototypical conditions expected to occur in
a plant.

Important Considerations for Future
Experimenters
Although the flume setup has been used for
simulating the debris build-up on a PWR sump
screen and the resulting head loss, the results
should not be applied without careful
comparison of the flume flow patterns with those
of the real plant. The following factors should be
considered while designing the tests:

Inflow Conditions. Implicitly, the flume setup
attempts to quantify the combined effect of
(a) transport and accumulation of debris on the
sump screen as a result of flow patterns in the
close vicinity and (b) head loss resulting from
such a build-up. Therefore, measured head loss
should be used in the analysis only if the analyst
is reasonably certain that flow patterns close to
the screen are indeed representative of the
actual plant conditions. It appears that calmer
(or longer) flumes provide a reasonable
representation of the remote sumps, where
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Figure 7-8(a) Schematic of the Horizontal Flume Used in the NRC-Sponsored ARL-Conducted
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Figure 7-8(b) Picture of Large RMI Foil Accumulation on the Vertical Screen

10 Such a facility is also operational at the University of New Mexico where head loss testing is ongoing at this time.
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either the sump is located away from the
postulated break locations or the sump is
shielded from the turbulence created by the
break flow patterns and containment spray
drainage. For other cases, it must be carefully
considered whether the flume can capture the
flow patterns adequately. Some experimenters
have used external means (e.g., water injection
or mixers) to create conditions that provide a
conservative representation of the conditions
that might exist closer to the sump.

Geometrical Features. The head loss measured
has been reported to be strongly dependent on
the physical features of the sump screen (e.g.,
screen orientation) and the structures located in
the close proximity (e.g., debris curbs). The
experimenters should model these features
carefully to judge their effectiveness.

Known Variations in the Geometry
Several variations to the setup shown in Figure
7-8(a) have been considered. In the CDI test
setup shown in Figure 7-9(a) for the Zion and
Millstone Unit 2 nuclear power plants was
significantly different. The setup used in the
KKB tests, shown in Figure 7-9(b), was
somewhat similar to Figure 7-8(a). The CDI
setup, a pie-shaped flume was used to simulate
gradually accelerating flow as it approached the
sump screen. The sump was basically a solid
box with its left side open for flume flow into the
sump; the bottom opening allows for connection
to the pump. The open side of the sump was
fitted with a representative sample of the actual
sump screen from the Millstone Unit 2 plant.
The sump screen was placed on a full-scale-
height curb.

The flume experiments were closed-loop in
nature. Several small pumps were used to
circulate water through the test setup. These
pumps took suction from the bottom of the sump
and delivered it to a diffuser mounted above the
tank. The diffuser was chosen to simulate water
falling from the steam generator compartment
into the water pool formed on the containment
floor.

In the CDI tests, the tank and the flume were
filled to 55-in. high (full-scale height), and pre-
measured volumes of the debris were added
uniformly across the pie-shaped flume cross-
section. The debris was allowed to settle to the
flume floor, and the pumps were turned on to the
desired flow. Observations of the transport of the

debris on the floor and their accumulation on the
screen were made. The experimenters also
measured the head loss resulting from debris
accumulation.

7.2.3 Prototype Module Strainer Testing

The replacement strainers installed or being
considered for installation at the U.S. and
European nuclear plants rely on complicated
structural features to maximize the strainer
surface area. Some use planar surfaces to
maximize the available surface area within a
selected spatial envelope to enhance the
strainer's capacity to accommodate a large
quantity of debris while simultaneously
minimizing the hydrodynamic load impacts.
Other design concepts intentionally introduce
non-uniform flow distribution across the
strainer's surface with the intent of directing the
debris to accumulate preferentially in selected
areas of the strainer. A feature of the nonlinear
flow is that flow can be somewhat parallel to
some of the strainer's complex surfaces, such
that the flow tends to sweep debris from these
surfaces into the strainer's debris traps, thereby
keeping some of the strainer's surfaces
relatively free of debris until the debris traps fill.
Emerging PWR strainer designs may intend to
take advantage of the preferential accumulation
of debris toward the lower parts of the sump
screen. Many vendors have recognized that it is
impractical to simulate the head loss
performance of such strainers using flat-plate
strainers in the arrangements discussed above.

An alternative was to use a full-scale or near-
full-scale strainer modules in the experiments
and investigate debris build-up and head loss.
Early examples of individual-module tests were
(a) the PP&L-sponsored tests conducted at the
Alden Research Laboratory, Inc. (ARL) and
(b) the metallic insulation transport and strainer-
clogging testing reported by STUK (see Figure
7-10). Since then, almost all of the strainer
vendors and some of the plants have used this
type of testing, either during strainer
development or as part of strainer qualification
before the strainer is installed at a plant. It
generally is believed that individual-module
testing is a necessary and sufficient
experimental approach-necessary because,
without the module tests, it is not possible to
obtain directly applicable test data, and sufficient
because the experimental approach sufficiently
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Figure 7-10 STUK RMI Head Loss Test Setup for Prototype Strainers
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captures all the controlling phenomena.
Although there are merits to this argument, it
should be recognized that even prototype testing
is associated with several non-prototypical
conditions that have to be compensated for in
the plant-specific analyses.

In the prototype tests, a strainer module (nearly
1:1 scale") is used to measure and relate head
loss across the strainer to the quantity of debris
accumulated on the strainer and the flow rate
through the strainer. The special emphasis of
this type of testing is to assess the effect of
special strainer design features (e.g., crevices or
cavities) on the debris build-up and the
associated head loss across the strainer.

This type of prototype testing was carried out by
the following strainer developers/vendors:

* Performance Contracting, Inc., (U.S.)
* Vattenfall Utveckling, (Europe)
* ABB Nuclear Services (Europe),
* ABB/Combustion Engineering (U.S.),
* BWROG/General Electric Nuclear Services

(U.S.),
• Enercon/Mark IlIl BWROG (U.S.),

The following plant owners took part in strainer
qualification before installation.

* Vattenfall Utvickling (Europe)
• LaSalle County Electric Station (U.S.)
* Limerick Generating Station (U.S.)

The following regulatory agencies used this
approach while developing guidance.

* Finnish Center for Radiation and
NuclearSafety (STUK)

* Swedish Nuclear Power Inspectorate (SKI)
* U.S. Nuclear Regulatory Commission

(BWROGISER)

Figure 7-11 presents a schematic representation
of the test setup used in the BWROG prototype
testing, which is similar in concept to the setup
used by STUK (see Figure 7-10). Typically, the
strainer module is located in a large tank of
water. Water flow through the strainer module is

maintained by recirculation pumps, which take
suction through the strainer and discharge it to
the tank. In some test setups, water discharge
locations are located strategically to maximize
turbulence in the tank such that the potential for
debris settling in the tank is minimal. Other test
setups use mechanical or manual means to
ensure that almost all of the debris added to the
tank would reach the strainer, and the minimal
debris, if any, would settle out in the tank. Head
loss across the strainer is monitored using a
pressure transducer located downstream of the
pipe flange connected to the strainer. Figure
7-12 plots head loss as a function of the strainer
load measured in these tests.

There are a few variations to the test setup. In
the STUK tests, the strainer surface area was
oriented vertically. A similar approach was also
reportedly used in the Vattenfall tests involving
wall-mount-type strainer modules. The other
Vattenfall tests located the strainer vertically on
the floor. These finer differences may not have
influenced the test data because the test objects
were small compared with the pool size and the
pool turbulence was sufficient to ensure that
debris deposition was uniform. However, future
investigators should pay close attention to such
details.

Adding a predetermined quantity of debris to the
tank commences a typical test.' The debris
would be transported to the strainer gradually,
as water is being circulated through the strainer.
The transient response of the pressure
transducers was tracked to determine the onset
of steady state. In most cases, several pool
turnovers were necessary to reach steady state.
Even an hour into the test, it could be seen that
a noticeable fraction of the debris would still
remain either entrained in the strong eddies or
settled out in the localized regions of the tank
where flow turbulence was low. Some
investigators used manual means to guide the
remaining debris towards the screen. After the
steady-state head loss was measured,
investigators did one of the following.

" 1 If the tests are not close to full-scale, non-prototypic
edge effects could affect the head loss data in a
manner similar but potentially different from the flat-
plate peripheral gap effect

12Most U.S. tests added sludge first to the test tank
and circulated water through the tank at relatively
high velocities to ensure that it is well mixed with the
water. Other debris was then added to the tank,
sequentially as necessary.
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Figure 7-12 Measured Head Loss as Function of Strainer Debris Loading for Specialty Strainers

1. Terminated the test and moved on to the
next test, which involved repeating the test
at different debris loadings.

2. Added additional debris to the tank and
repeated the entire test procedure to
measure head loss at a higher debris
loading.

3. Varied the flow through the strainer over a
pre-set limit to measure head loss at
different flow rates.

The primary advantages of prototype module
testing are:

1. Prototype-strainer-module testing is the only
option available for measuring and
correlating clean-strainer head losses for
many of the advanced designs. Some of
these strainers incorporate advanced flow-
control devices (e.g., vanes, ribs, channels,
etc.) to distribute the flow more uniformly
across the entire strainer surface area.
Although several attempts have been made
by various vendors to compute clean-

strainer head losses theoretically, they could
not be used in the plant-specific analyses
due to the large uncertainties.

2. Prototype-strainer-module testing is the only
option available for examining how the
debris would build up on the strainer surface
and the effect it would have on the head
loss. It also sheds light on how debris is
distributed on the strainer surface at low and
moderate loadings.

3. Because the strainer models used are actual
size, the test data would not have to be
corrected for non-prototypical aspects such
as the bypass flow.

The primary shortcomings of prototype tests are
listed below.

1. Because of the large water volume, the
conduct of these tests is limited to ambient
temperatures rather than the elevated
suppression-poollsump water temperatures.
Non-prototypical temperatures must be
corrected for. In some cases, correcting for
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temperature effects is straightforward (e.g.,
compensate for the viscosity effect).
However, there are special cases in which
temperature correction is difficult. For
example, it is not easy to correct for
temperature effects if the strainer design is
such that the circumscribed velocity is in the
turbulent range and the plate velocity is in
the laminar region. Similarly, if the debris
type has special chemical reactions at
elevated temperatures, a simple viscosity
correction is not sufficient.

2. Large volumes of water and large surface
areas also limit the number of tests that can
be conducted, because it costs more to
clean the test facility between each test and
it costs more to refurbish insulation. In
practical terms, this may have a serious
effect because it limits how much
understanding one can gain from such tests.
This also forced past investigators to
optimize the test conduct such that a single
test could be used to derive head loss data
for several operating conditions. This factor
alone contributed to significant variability in
the reported data.

3. It is almost impossible to measure precisely
what fraction of the debris dropped in the
tank actually reached the strainer surface.
Past experience has shown that debris has
a tendency to settle out in the corners of the
tank. One could argue that the quantity of
debris that settles out is very small
compared to the quantity accumulated on
the strainer.

4. The test program (at least in the traditional
way that the results are applied in the plant-
specific analyses) presupposes that the
quantity of debris expected to accumulate
on each strainer module and the sequence
in which the debris accumulates are known,
and that this sequence can be reproduced in
the testing. This assumption can introduce
uncertainties in the use of the test results
because the debris arrival sequence derived
from analyses would also be uncertain.

5. The flow patterns and turbulence levels
encountered in the tank tests may not
resemble the actual plant conditions, and
thus conclusions drawn from the prototype
testing regarding saturation quantities may
not be accurate.

6. Repeatability testing should be conducted.
Past repeatability of prototype strainer
module tests has indicated substantial
uncertainty in the head loss data for some

test conditions that should be factored into
plant-specific analyses whenever such
conditions are indicated by testing.

7. The transient head loss traces obtained from
these tests are not expected to be
representative of the actual plant
application. One reason for this is that the
pool turnover time in the prototype tests is
significantly different from that in a plant.
Even if the pool turnover time is the same,
there is no assurance that the debris
accumulation rate in the prototype tests
would be representative of that in the plant.
This point is particularly important for
licensees that opt to take credit for ECCS
throttling as part of their analyses.

8. Past experience has shown that reaching a
true steady state head loss would take
several hours to days, depending on the
type of insulation and the flow velocities.
Many tests were terminated when the head
loss traces became fairly flat and the
majority of the debris in the tank had
accumulated on the strainer. Limited long-
term testing (over days) has indicated that
head loss increases slowly. This long-term
behavior was believed (but not verified) to
be due to debris bed decomposition that
leads to more compact beds. Future
investigators will have to deal with these
considerations, as well. Therefore, it is
important to note that this deficiency exists
and correct for it through either the use of
separate-effects testing or other defensible
means (e.g., BWROG URG description).

Important Considerations for Future
Experimenters
As previously discussed, the prototype-module
tests are a necessary set of tests that must be
conducted as part of the design or qualification
process. However, it is questionable whether
they are a sufficient set of tests. Evidently, the
best option for experimenters appears to be
(a) to conduct an abbreviated set of prototype-
module tests to extract a sufficient amount of
information, (b) augment that information using
test data from the separate-effects tests, and
(c) apply the data judiciously in the plant-specific
analyses. Careful attention should be paid to
the fact that although prototype-module tests
appear to be "prototype tests," they have
numerous non-prototypical features that must be
addressed in the plant analyses.
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During planning for prototype tests, attention
should be paid to the insights gained from past
experience, listed below:

1. Many vendors have recognized that the
special strainers are not a gone-size-fits-all"
type of standardized strainer. Instead, the
concept is to use similarly designed strainer
modules of various sizes and quantities as
necessary for each plant. The technical
method adopted by the vendors has been to
use the prototype test data to develop a
correlation, either empirical or semi-
theoretical, and use it in the plant-specific
analyses. For this method to be successful,
particular attention should be paid to the
process used to select the dimensions of the
strainer being tested, the experimental
parameter range (i.e., debris loading range
and flow rate range) over which testing is
being carried out, and the form of the
correlation used to relate head loss to debris
loading and flow rate. The correlation
development should sufficiently address the
factors discussed in Section 7.3.2 (i.e.
special shapes of the strainers and as a
result variations in the approach velocity).

2. The experimental results suggest that head
loss across the specialty strainer is a
nonlinear function of debris loading. Figure
7-12 presents an approximate
representation of measured head loss as a
function of strainer debris loading for a
typical stacked-disk strainer. Specialty
strainers are designed such that they would
have a gap or crevice where debris would
initially accumulate preferentially when the
debris loading is light. The debris
accumulated in these gaps would be
subjected to lower fluid velocities and hence
would result in lower head loss. After these
gaps are filled, debris would start to
accumulate on the circumscribed surface of
the strainer, which resembles a regular-
shaped strainer (cylindrical in the case of a
stacked-disk strainer). In view of this
complex relationship between head loss and
debris loading, special attention should be
paid to collecting head loss data over a wide
range of debris loadings and to judging the
applicability of test data to a plant
application carefully.

3. The prototype module should be designed to
ensure that it accurately represents the
internal flow control devices (e.g., ribs and
vanes). Testing has shown that these

geometrical features primarily control head
loss across the clean strainer.

4. The measured head losses are a strong
function of the sequence over which debris
is introduced. There is considerable
evidence that the introduction of RMI first,
followed by fibrous debris, would maximize
the head loss. In those tests, it appeared
that RMI would fill up the interstitial gaps
and cause fiber to accumulate on the
strainer circumscribed surface. This mode
of accumulation was found to result in the
largest head loss compared with the other
alternatives (e.g., fiber is added first followed
by RMI or fiber and RMI are added
together). However, this issue is only
important if the test (and the plant
application) involves significant quantities of
both RMI and fibrous debris.

Known Variations in the Geometry
All prototype modular strainer tests used setups
very similar to those shown in Figures 7-10 and
7-11. A few differences exist in the details of the
test setup. In particular, the methods used to
create the turbulence necessary to ensure that
debris would not settle out in the test tank varied
considerably. Other differences are related to
the orientation of the strainer assembly and the
test procedures. However, these variations
most likely would not have a significant effect on
the head loss.

7.2.4 Semi-Scale Installed Strainer Testing

As discussed above, the prototype modular tests
de-emphasize the debris transport aspect by
ensuring that all the debris would stay in
suspension and ultimately reach the strainer.
Application of the test data in the plant-specific
analyses would require that the analyst have
prior knowledge of the quantity and type of
debris that would accumulate on each strainer
module. A majority of the licensees relied on
simplifying assumptions (e.g., equal distribution
of debris on all strainers) to estimate the quantity
of debris that might accumulate on each
strainer. Other licensees have sought
experimental means for predicting debris
deposition by conducting semi-scaled, as-
installed strainer tests. Figure 7-13 provides a
schematic of the test setup used in the quarter-
scale tests conducted by Grand Gulf generating
station. These plants installed quarter-scale
strainers, replicated to the exact details, in the
quarter-scale suppression pool equipped with
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Figure 7-13 Semi-Scale Test Facility Used in Grand Gulf Quarter-Scale Testing

quarter-scale pumps and other geometrical
features. The concept was to study debris build-
up on strainers when they are subjected to
prototype conditions. These plants also examined
the head loss performance characteristics of
individual modules simultaneously. Figure 7-14
shows the geometrical details of the individual
modules tested. This comparison was used to
draw conclusions regarding the applicability of
individual module test data in the plant-specific
analyses and the issues that should be factored
into plant-specific analyses. These tests provide
valuable insights on how to use individual module
test data in the plant-specific analyses, at least for
some debris types.

7.3 Analysis of Test Data

7.3.1 United States Nuclear Regulatory
Commission Characterization of
Head Loss Data

7.3.1.1 Fiberglass and Particulate Debris

The U.S. NRC characterization of head loss
caused by fibrous and particulate debris is
described in detail in Appendix A of the CSNI
knowledge-base report I and Appendix B of
NUREG/CR-6224.- This correlation was

validated by comparing its predictions for head
loss with experimental data from the following
sources:

1. NRC experimental data obtained as part of
BWR study (NUREG/CR-6224) 7 2

2. PP&L head loss data base
3. PCI head loss data base
4. NUREGICR-2982 head loss data base
5. Vattenfall Development Co. data base
6. BWROG head loss data base for truncated-

cone strainers
7. BWROG head loss data from gravity-head

loss tests

As shown in Appendix A of the CSNI
knowledge-base report,7-1 the correlation
predictions were within +25% of the test data
NUREGICR-6224, Appendix B,7-2 provides the
limitations of the correlation, as well as some of
the assumptions associated with its applications
This experimental correlation was incorporated
into the Blockage computer code.7 25 7-26

7.3.1.2 Reflective Metallic Insulation

Conclusions regarding RMI head loss are based
on a review of the following sources of experi-
mental data.
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Figure 7-14 Prototype Strainer Module Test Setup Used in Grand Gulf Prototype Tests

NRC/ARL Test Data: ARL conducted a
series of tests under U.S. NRC sponsorship
to examine the head loss resulting from the
accumulation of RMI, fibrous and sludge
debris. These tests used a small section of
an ECCS strainer (a diameter of 1 ft)
assembled in a vertical test section. The
RMI debris was obtained directly from the
steam blast tests. The results of the test
program, along with a description of the test
facility, were provided in References 7-8 and
7-9.
BWROG/URG Test Data: The BWROG
conducted a series of tests at the Electric
Power Research Institute (EPRI) Non
Destructive Evaluation (NDE) center in
Charlotte, North Carolina, employing full-
scale strainers to measure the head loss
resulting from the accumulation of RMI,
fibrous, and sludge debris. Of particular
interest are the tests conducted using a
truncated-cone strainer. In these tests, the
RMI debris was fabricated manually-
basically crumpled to look very similar to the
RMI debris used in the ARL tests. The
results of the test program were provided
in the BWROG URG, Volume 2. 7'°

* LaSalle Test Data: In 1998, ComEd
sponsored a series of plant-specific tests to

study the head loss resulting from 1.5-mil
aluminum RMI and Nukon fiberglass
insulation. These experiments were
conducted using the same test facility as
the BWROG. The strainer used in the
experiments was a stacked-disk strainer. 7-13

* STUK-94 Test Data: The STUK
experiments were conducted on a large
strainer immersed in water (see Figure
7-10). Debris was simulated by flat"
metallic insulation inner foils cut into
pieces of various sizes, ranging from 2 to
130 CM.71.-1

Review of this data suggests that head loss
caused by RMI debris is very sensitive to the
shape of the debris used in the experiments.
Much of the RMI debris used in U S. testing is
crumpled pieces of 2.5-mil-thick stainless steel
foils (except for the LaSalle data, which used
aluminum foils). An example of RMI debris
generated by steam break flow is shown in
Figure 3-8. Visual examination of the beds
suggests that crumpled RMI fragments
accumulate with their major cross-section
aligned perpendicular to the flow direction. It is
also apparent that crumpled debris beds tended
to be relatively uniform (volumetrically and
planar) and typically have much larger porosity.
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The beds formed of smaller debris tended to be
more compact than the beds formed of the
larger debris; the most compact debris bed was
observed when fragments ranging in size from
1/2 in. to 4 in. were allowed to accumulate
randomly on the strainer surface. Head loss
data for such beds is reported by the following
research organizations:

• NRC Test Data obtained at ARL7C 7-9

* BWROG Test Data7-10
* GE Test Data (Proprietary) 1

12

* LaSalle Test Data7-13
* PCI Test 7ata7A11

* KEFER Test Data
Finnish investigators used regularly cut, flat RMI
pieces to simulate debris in the head loss tests.
The rationale for use of flat pieces were:

1. The debris generation process could include
the destruction of an RMI cassette where a
significant portion of the cassette insulation
becomes large relative flat pieces of foil.

2. Although RMI debris may be crumpled
initially, it would be flattened as the debris is
transported through the drywell and the wet-
well.

3. The flatter RMI pieces typically would result
in higher head losses and therefore provide
a conservative alternative to the crumpled
pieces.

The beds formed of flat RMI pieces behave
fundamentally differently from the beds formed
of crumpled pieces. The dimples, the bowing
(either due to damage or initial curvature) of the
relatively flat foils, and a certain randomness of
accumulation would separate the adjacent foils
in flat-foil debris beds resulting relatively
compact beds of RMI debris. The pressure-drop
characteristics of flat RMI debris are described
by the STUK investigators.7 ,7 -'6

For such a flow configuration, head loss can be
estimated to be

P Mc Sv (I -) pU2NI} L U2 (A,! lAsr)

E2 K

using the following variables.1 4

* Inter-foil channel gap thickness (Kt)

* Fluid velocity (U)
* Characteristic foil dimension (L)
* Foil specific surface area (Sv)
* Number of foil layers in bed (N)
* Foil surface area (Ati,)
* Strainer surface area for deposition (Ast,,er)

* Fluid density (p)

For debris beds consisting of smaller debris
(typically 2- to 4-in. sized pieces of debris), the
head loss relationship was refined based on the
experimental data.

A I = K Ul2 (Afol Asr)

where
AH is the head loss across the RMI bed (ft-

water),
U is the water velocity through the bed ~ftfs),

AfoI is the surface area of the RMI foils (ft -

nominal),
As is the strainer cross-sectional area (ft2),

and
Kt is the inter-foil gap thickness (ft).

The inter-foil thickness was deduced from the
experimental head loss data for different debris
types. Nominal values for Kt are summarized in
Table 7-2.

Based on these analytical observations, LANL
reasoned that the head loss across RMI beds is
a function of debris loading (the ratio of foil
surface area to strainer surface area), flow
velocity through the debris, and the type, shape,
and size of the debris. Figure 7-15 is an
idealized view of flow through an RMI bed
formed of debris size L, and an inter-foil distance
of Kt.13

13 A realistic RMI debris, that would include crumpled
pieces as well as flat foils, would be much more
chaotic than the idealized diagram indicates. The

idealized approach was applied to the chaotic bed
with the non-idealized geometry integrated into the
variable 1(1. Thus, kt represents an effective gap
width, which had to be deduced from test data
rather than simply measured.

1
4As a potential alternative, it should be noted that the

Finnish researchers (Reference 7-16) correlated
data based on the linear ratio of LIKt, rather than its
square. The researchers claim a good correlation
for their RMI debris in a tube experiment once the
edge effects were considered.
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Figure 7-15 Idealized View of Flow Through an RMI Bed

Table 7-2 Characteristic Parameters for RMI Debris Beds
Foil Type and Bed Type Basis Kt (ft)

2.5-mil S/S (NRC large pieces) ARL test report provided measured values 0.014
2.5-mil S/S (NRC small pieces) ARL test report provided measured values 0.010
1.5-mil Al (debris bed) CornEd test report 0.008
1.5-mil Al (debris bed) ComEd test report 0.006
2.5-mil S/S (STUK flat pieces) Deduced from STUK 1994 test report* 0.007
2.5-mil S/S (1-mm dimple) Deduced from STUK 1994 test report** 0.003

'This deduction explained in this subsection under subtitle 'STU K-1 994 Test Data."
**The ARL tests were conducted at the same time as the BWROG test program descnbed herein was being

undertaken. The objective was not to develop a head loss correlation; but to independently venfy insights
provided by the BWROG test program using large strainers These tests were envisioned from the
beginning to be "separate-effects" tests.

For certain insulation types and head losses, the
K, values were observed to change with the
head loss as the beds became compressed.
Such changes in Kt values were accounted for in
some of the evaluations reported below.

U.S. Nuclear Regulatory Commission/Alden
Research Laboratory Tests
In 1996, NRC sponsored a series of tests at
ARL to measure the head loss caused by the
accumulation of RMI debris on a BWR strainer,
with and without the simultaneous presence of
fibrous insulation and sludge.15 These tests use

1
5The ARL tests were conducted at the same time as
the BWROG test program described herein was

the vertical head loss test facility shown in
Figure 7-6.

The RMI debris used in the testing was
generated directly from the steam-blast tests
conducted by NRC at Karlstein, Germany78
(debris shown in Figures 3-8). For debris
fragments smaller than about 4-in., the debris
beds were very uniform. Figure 7-16 provides a
comparison of the correlation, immediately

being undertaken. The objective was not to develop
a head loss correlation; but to independently verify
insights provided by the BWROG test program using
large strainers These tests were envisioned from
the beginning to be "separate-effects" tests.
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above, (identified as Equation K.5a in the figure)
with the test data obtained for RMI debris. As
evident from this figure, the NRC correlation
provides a reasonably conservative estimate for
the test debris and test conditions, highlighted
by the fact that only a single data point is above
the correlation but that data point is still within
the uncertainty band. Note that ARL deduced
the values for the variable Kt from head loss
data that are reported in Table 7-2 and these
values were used in the correlation to develop
the curve shown in Figure 7-16.

Boiling Water Reactor Owners' Group Tests
As part of BWR strainer blockage resolution
research, the BWROG performed a series of
tests to measure the head loss caused by RMI
debris on 'prototypical" pre-NRCB 96-03 ECCS
strainers (i.e., truncated-cone strainers) and the
replacement strainers (e.g., stacked-disk
strainers). In these experiments, RMI debris
was added to a large, turbulent pool of water
and allowed to approach and accumulate on a
full-scale strainer. The accumulation occurred
over a period of about I h in some experiments,
with the pressure drop gradually increasing until
a plateau in the data was reached. The
measured head loss was then tabulated as a
function of the flow through the strainer and the
amount of debris added to the pool. Visual
examination confirmed that in many cases, a
majority of the RMI debris added to the pool
actually reached the strainer, resulting in the
formation of relatively thick RMI debris beds. In
Tests T3 through T6, the RMI debris loading
varied between 7 ft2-foil/fl?-strainer to 40 ft2-
foil/ft2-strainer, and the beds were fairly uniform.
The debris used in these tests closely
resembled (at least visually) the NRC/ARL
debris (refer to Figure 3-8). The resultant head
losses are plotted in Figure 7-17 as head loss
normalized to circumscribed thickness vs the
approach velocity. Also shown in Figure 7-17
are the head loss predictions obtained using the
NRC correlation presented and discussed
above. The agreement between the head loss
data and the correlation is well within the
experimental uncertainties and the correlation
error margin. Once again, K, values were
deduced from the head loss data and these
values were used in the correlation to develop
the curve shown in Figure 7-17.

The BWROG also obtained head loss data for
stacked-disk strainers and star strainers.

However, all those data were obtained for low
debris loadings. Hence, no effort was made to
compare the NRC head loss correlation with the
data for these special-shaped strainers.
Similarly, the BWROG database included head
loss data for mixed beds consisting of RMI and
fibrous debris. The NRC regulatory position was
found to bound all such data.

LaSalle Tests
In 1998, ComEd sponsored a series of plant-
specific tests7 -13 to study the head loss resulting
from 1.5-mil aluminum RMI and Nukon
fiberglass insulation. These experiments were
conducted using the same test facility that was
used for the BWROG tests and the strainer
tested was a stacked-disk strainer. Table 7-3
provides the geometric details of the strainer
used in the testing.

Six tests were conducted in which the flow rates
varied between 2000 and 5000 gpm and the
RMI debris loading reached as high as 2250 ft2
of foil (or a value of 144 Afo,,/Ac,). In all tests,
the RMI fragments used were crumpled pieces
with a dominant length scale less than 2 in., so
very compact beds would be expected. The
measured head loss was tabulated as a function
of the flow rate through the strainer and the
quantity of insulation debris added to the pool.
The report contained references to visual
observations regarding the fraction of the debris
that actually reached the strainer in each test. It
also provided pictorial evidence of debris-bed
build-up on the strainer, both for RMI and mixed
beds.

Tests 2 and 4 examined pure RMI debris build-
up on the strainer surface. In Test 2, RMI debris
was added incrementally over a long duration
(the test lasted 7.5 h). In both of these tests, a
total of 2250 ft2 of RMI foil was added to the
pool and allowed to accumulate on the strainer.
In Test 4, all of the RMI debris was added
instantaneously and then allowed to accumulate
on the strainer. From the head loss traces, it
appears that accumulation occurred over a
period of about the first 3 h, with head loss
reaching the steady-state value near the end
of the test. The head loss data measured in
Tests 2 and 4 are presented in Figure 7-18.
Figure 7-18 also provides a comparison of the
head loss predictions obtained using the LANL
RMI head loss correlation with the test data from
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Figure 7-16 Comparison of NRC/ARL Test Data with LANL Correlation
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Table 7-3 Geometric Details of the Portion of the Strainer Tested
in the LaSalle Test Program

Strainer Geometry Details (Half Strainer Effective)

Number of Discs 6
Number of Gaps 6
Inner Diameter (in) 26
Outer Diameter (in) 34
Disc thickness (in) 1.5
Gap Thickness (in) 2
Length of Strainer (in) 21

Derived Geometry Variables (Half Strainer Effective)
Total Flow Area (ft2) 48.6
BWROG Circumscribed Area (ft2) 15.6
Circumscribed Area + Area of Discs (ft2) 21.9
Gap Volume (ft) 2.6

Tests 2 and 4. The correlation predictions were
within +30% of the test data. The correlation
predictions were consistently less than Test 2
data and consistently higher than Test 4 data.
Note that the K, values used to generate the
predictions shown in Figure 7-18 were reported
in Reference 7-13 by the investigators.

STUK-1 994 Test Data
In 1994, the Finnish Nuclear Authority (STUK)
performed a series of tests to measure the
head loss caused by the accumulation of RMI
debris.7 '-' 5 7 16 In these tests, relatively flat
pieces of RMI foil were used to simulate debris.
Figure 7-19 provides a comparison of LANL RMI
predictions with STUK head loss data. The
comparison benefited from the compression
data provided by the STUK investigators- The
comparison shows that the predicted head
losses are comparable (L 30%) to correlation
predictions. However, the following limitations of
the correlation apply (when applied to the debris
beds similar to the debris used in the STUK
experiments):

1. The comparison shown in Figure 7-19 was
based on test data obtained for small
fragments (or pieces).

2. The Kt values used in the comparison were
deduced from interpretation of data
presented in Reference 7-16. In this
reference, the investigators measured and
reported debris bed thickness as a function
of the head loss across the bed. This data
was used to derive a value for K, (provided

in Table 7-2) by inserting the test data into
the LANL head loss correlation and solving
for Kt.

Although the correlation appears to perform well
in predicting head loss caused by the small flat
pieces of debris used in the STUK experiments,
the original investigators expressed reservations
regarding the applicability of the correlation. So
it is recommended that this correlation be used
cautiously when applied to flat pieces.

7.3.2 Analysis of Non-Flat-Plate Strainer
Data

The purpose of this section is to demonstrate
the means by which the NUREG/CR-6224
correlation 7 can be adapted for non-flat-plate
strainers (e.g., stacked-disk strainers). The
NUREG/CR-6224 head loss correlation was
developed based on experimental data obtained
for flat-plate and truncated-cone strainers. The
stacked-disk strainers are a type of passive
strainer now used extensively in the U.S. BWR
nuclear power plants. This section:

1. Establishes that flat-plate-strainer data, if
applied correctly, can adequately predict the
head loss performance of more complex
strainers and

2. Highlights a list of parameters that should be
considered carefully while evaluating the
performance of advanced strainer designs
(e.g., gap volume vs debris volume and
circumscribed area vs plate area).

7-35



l- -

0.070

0.060
.

* Test 4
6c Corre

I
._

0

-J

0X

0.050

0.040

0.030

0.020

0.010

I

II
n Ann

0.000 0.100 0.200 0.300 0.400 0 500 0.600

Velocity (ftls)

Figure 7-18 Comparison of LANL RMI Correlation Predictions for Truncated Cone Strainer
with the Experimental Data Obtained from LaSalle Tests

4

3.5

0.

0
-j

0)
(U

2.5

2

1.5

1

* STUK-94 Data I

- -NRC Equation / *

/

6 I I
0.5

0

0 20 40 60 80 100 120

Mass Flux (kg/m2-s)

Figure 7-19 Comparison of LANL RMI Predictions with the STUK Head Loss Data

7-36



7.3.2.1 Phenomena of Debris Build-Up on
Stacked-Disk Strainers

The basic idea of stacked-disk strainers is to
maximize the perforated plate area for a given
projected size of the strainer. The head loss
caused by these strainers is controlled
significantly by such factors as the gap volume,
the plate surface area, and the change in
deposition area with debris loading. The
importance of these factors can be understood
by considering the schematic presented in
Figure 7-20, which illustrates the debris build-up
on a stacked-disk strainer.

Initially, the debris would accumulate on the
strainer plate surface nearly uniformly. At this
extreme, the strainer surface area available for
deposition would be very close to the total
perforated plate area. Thus, models should be
able to predict head loss at this stage by treating
the strainer as a flat plate with a flow area equal
to the total plate area. The flow velocity and bed
thickness would be

Vtihred = Q (ft3/S)/Apiate

tthn.bed = Mfibe/(pf . Apiate)

One of the key parameters necessary to apply
this criterion is the compressibility of fibrous
debris beds. NRC measurements have shown
that beds tend to be highly compressible when
they are subjected to a large head loss across
the bed. NUREG/CR-6224 provided the
following relationship that can be used to
calculate the compressed density of the bed
debris as a function of the pressure drop across
the bed:72

pf = pfo 1 .3(AH/AL0)0 
3

where

pi is the density of fiber in the debris bed
(Ibm/ft3),

pfo is the density of fiber insulation (as
fabricated) (lbmlfi3),

AH is the head loss across the debris bed
(ft-water),

AL, is the theoretical thickness of the fibrous
debris bed (i.e., thickness based on the
as-fabricated density) (in),

The following section provides the head loss
equations used to perform these calculations.

The resulting head loss can be calculated using
the NUREG/CR-6224 correlation or a similar
correlation based on a flat-plate strainer by
computing the bed thickness assuming that
debris builds up on the entire plate area and by
computing the fluid velocity based on the plate
area.

7.3.2.2 Application of the NUREG/CR-6224
Correlation to the PCI Strainer

The following methodology was used to
calculate head loss across the debris bed for
different debris loadings. The general head loss
equation used is

The other extreme condition would be when
large volumes of debris have accumulated such
that the gap volumes were completely filled with
the remaining debris deposited on the
circumscribed area of the strainer. For the
portion of the debris that accumulates on the
circumscribed area, the NUREG/CR-6224
correlation can be used with the flow velocity
and bed thickness evaluated using the
circumscribed area instead of the plate area.
For moderate loads, an interpolation scheme
that gradually decreases the flow area can be
sought; for example, an effective strainer area
versus accumulated debris volume can be
deduced from test data that covers the full range
of debris loadings.

16 Thts is essentially the space occupied by the
strainer but is also referred to as the circumscribed
size.

3.5S, (I ~
- = 4.16 x1O - [I + 57 (I - i +
AL 0.66 Sv (i - ) p 2

where

AP is the pressure drop resulting from flow
across the bed (ft-water),

AL is the thickness of the fibrous bed (in.),
p is the fluid dynamic viscosity (lbm/s-ft),
p is the fluid density (lbm/ft3),
V
C

sv

is the fluid velocity (ft/s),
is the bed porosity, and
is the specific surface area (ft2/ft3)
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Figure 7-20 Schematic Representation of Debris Build-Up on a Stacked-Disk Strainer

Thin-Bed Approximation (VfVgap 17 < 0.30)
For thin beds, the whole plate surface area
provides the location for debris deposition. In
this case,

ALO(in) = (12. Mfiber)/(pfo Aplate)
AL = pALO (pfropf)

V (fts) = Vpate- Q(ft3 /S)/Apiate and
pf/Pfo = 1.3(AH/AL0)0 

3

Intermediate-Bed Approximation (1.0 >
VfNgap > 0.30)
For intermediate loadings, the area available for
deposition gradually decreases and the velocity
within the bed gradually increases. An
approximate formula18 for evaluating head loss
is

AL 0(in) = (12 . Mfiber)/(Pfo . Apiate)
AL = ALO (pfJpf)

V (ftls) = Vplae (1- (VfNgap - 0.3)) + Var
(vfr/gap - 0.3)

Vplate = Q(ft3 /5)/Aplate

17 Vf/Vgap is the ratio of the total volume of debris to
volume of debris located within the gaps.

18 The approximate formula applies to the PCI strainer
design tested.

VI:,, = Q(ft3 Is)Ar, . and
Pf/pfo = 1 .3(AH/ALo) 38

This relation simply provides a means for
calculating head loss using a volume-averaged
velocity through the bed.

Thick-Bed Approximation (VfVgap > 1.0)
Head loss from a thick bed is a sum of head loss
resulting from a fully loaded strainer and a
calculated contribution from the circumscribed
portion using the following closure relationships:

AL.(in) = (12 . Mrbter)/(Pto. Aarc)
AL = AL. (pfJpf),

V (ftls) = Varc Q(ft3 Is)IAarc , and
p/pfrO = 1 .3(AH/AL o)

038

Although these equations appear complex,
they can be solved easily. The results of the
comparison are presented in Figures 7-21
and 7-22. As shown in these figures, the
NUREG/CR-6224 -2 correlation can predict the
head loss data for PCI strainers fairly accurately
(within +25%).
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Figure 7-21 presents a point-by-point
comparison of the NUREG/CR-6224 model
predictions with the experimental data. All
the points were within ±25% bounds,
indicating good agreement between the
correlation and the test data. This
agreement confirms that accurately
accounting for the change in the effective
flow area can be used to adequately
simulate the head loss caused by deposition
of debris on a stacked-disk strainer. Figure
7-22 presents a plot of the effective strainer
area as a function of the volume of debris
being deposited. This curve can be used to
compute the effective strainer area and can
be used directly in conjunction with the
NUREG/CR-6224 head loss correlation.

7.4 Ongoing Research on
Outstanding Issues

At the publication of this report, continuing
NRC-sponsored research will provide
additional data regarding specific issues
currently not completely understood. These
issues have to do with the long-term stability
of a fibrous debris bed, head loss data for

calcium silicate debris, and the accumulation
and head loss data for vertically oriented
sump screens.

7.4.1 Long-Term Fibrous Debris Bed
Stability

Head loss test procedures have generally
continued the measurement of the pressure
drop across the debris bed, following the
establishment of that bed, until the head loss
became relatively stable. The time required
to reach 'steady-state' has generally been
on the order of tens of minutes.
Occasionally tests were continued for a few
hours. But some limited long-term testing
has been conducted where the tests were
continued for several days to examine the
long-term effects of acidity on the debris
bed. These tests have been described an
ARL Test Report7-29 and in a paper
presented to the 1999 OECD/NEA
Workshop on Sump Screen Clogging 7-30

The concern of the long term testing was
whether or not the structure of a fibrous
debris bed remained stable in the long term.
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Although the long term testing was not
extensive enough to conclusively determine
the long-term debris bed behavior, it
appeared that fiberglass in debris beds is
subject to dissolution in alkaline solutions.
Further, the binder could lose its attachment
to the fibers and the bed matrix could break
down, so that the bed would become
denser. The primary parameters affecting
increased long-term head loss appear to be
water acidity level and temperature. In the
limited testing, the head loss was shown to
increase gradually (approximately linear with
time) until the test was terminated. The
length of the long-term tests ranged from I
to about 11 days. An example of long-term
head loss is shown in Figure 7-23.

NRC sponsored research is being
conducted by the Civil Engineering
Department of the University of New Mexico.
This research is studying the chemistry
associated with a PWR sump pool and the
results of this research could provide
insights into this issue.

7.4.2 Calcium Silicate Debris Head Loss

As discussed in Section 7.1.2, experiments
at the University of New Mexico (UNM)7-3'
under U.S. NRC sponsorship are being
conducted to study the head loss effects of
calcium-silicate. This data when available
will indicate trends in the head loss
associated with calcium silicate debris and
provide definitive data that can be used to
support head loss correlations.

7.4.3 Vertically Oriented Screens

Experiments at the University of New
Mexico (UNM)7-31 under U.S. NRC
sponsorship are also being conducted to
study the debris accumulation and
associated head loss for vertically oriented
sump screens. For instance, the test data
when available will show trends regarding
conditions where the debris will accumulate
uniformly and where the debris will deposit
preferentially towards the bottom of the
screen. Limited head loss data was also
accumulated for a vertical screen.
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8.0 RESOLUTION OPTIONS

Based on the recognition that debris clogging of
the ECCS strainers is a significant safety
concern, plant owner groups and vendors
proposed a broad range of solutions to address
this issue. This section provides a summary of
some of the prominent solutions and how they
were implemented in selected U.S. nuclear
plants. This section does not provide all the
information necessary to evaluate each solution
comprehensively, because such information is in
most cases protected by the proprietary nature
of the vendor designs. Instead, this section
provides an overview of solution options and
important considerations.

The following subsection describes the
replacement strainers explored for application in
U.S. BWR plants. Although some or many of
the hardware designs described below may be
appropriate for implementation in U.S. PWR
plants, none have been installed at any of the
operating U.S. PWRs. It should also be noted
that some strainer designs originated from
European research and that several of the
designs, both European and U.S. designs, are
protected by proprietary constraints.

8.1 Overview of Resolution Options

BWR experience demonstrates that there are
three general strategies for resolving the strainer
clogging issue:

1. Remove (or replace) problematic insulation
from the containment,

2. Install replacement strainers that can handle
anticipated debris loads without exceeding
the NPSH margin, or

3. A combination of items I and 2.8'

The replacement strainer options researched by
the various investigators fall into four categories:

1. Installation of large capacity passive
strainers with sufficient capacity to ensure
that debris loadings equivalent to a scenario
calculated in accordance with Section C.2.2
of RG 1.82, Rev. 2, do not cause a loss of
NPSH for the ECCS,

2. Installation of a self-cleaning strainer that
automatically prevents strainer clogging by
providing continuous cleaning of the strainer
surface with a scraper blade, brush, or other
mechanism,

3. Installation of a backflush system that relies
on operator action to remove debris from the
surface of the strainer to prevent it from
clogging, and

4. Installation of in-line (or inside ECCS suction
piping) suction strainers located outside the
suppression pool (or the containment) that
can be realigned and flushed whenever the
differential pressure exceeds the pump
NPSH-margin.1

Option 1 had the advantages of being
completely passive so that operator intervention
was not required and it did not require an
interruption of ECCS flow. Licensees choosing
Option I for resolution were required to establish
new programs or modify existing programs to
ensure that the potential for debris generated
and transported to the strainer surface does not
at any time exceed the assumptions used in
estimating the amounts of debris for sizing of the
strainers, in accordance with RG 1.82.

Option 2, like Option 1, would not rely on
operator action nor interrupt ECCS flow but
instead relies on an active component to keep
the strainer surface clean that would be fully
exposed to LOCA effects in the suppression
pool. Therefore, appropriate measures must be
taken to ensure its operability.

With the selection of Options 3 and 4, extensive
measures had to be taken to:

1. Maximize the amount of time before
clogging could occur,

2. Ensure that instrumentation and alarms
indicate strainer differential pressure
increases,

3. Institute operator training on recognition and
mitigation of a strainer clogging event, and

4. Implement surveillance to ensure operability
of the strainer instrumentation and backflush
system.

The strainer designs explored experimentally in
the U.S. (i.e., BWROG) included several
concepts for passive strainer designs, passive
strainers with backflush capability, and one self-
cleaning strainer.&'

' The NRC suggested the first three of these options
in NRCB 96-03&2 (discussed in Section 1.1)
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In addition, the BWROG carried out engineering
studies to examine the feasibility of adopting
European solutions to the U.S. BWR plants.
Based these studies, the BWROG concluded
that replacing the existing strainers with large-
capacity passive strainers is the preferred option
for BWR implementation. Furthermore, it was
recommended that backflush should be
considered for installation as a "defense-in-
depth" option, but not as a front-line option.
Similarly, BWROG concluded that although a
self-cleaning strainer installation was a feasible
option, licensees would have to resolve
significant design, qualification, and surveillance
issues with the NRC on a plant-specific basis.
Thus the BWROG all but ruled out all options
other than installation of large replacement
passive strainers that would reliably mitigate the
adverse impacts of debris accumulation and
maintain sufficient NPSH margin throughout an
accident.

Installation of passive strainers that can handle
anticipated debris loads consistent with BWROG
guidance was not practical for all the plants due
to additional constraints related to hydrodynamic
loads. In those cases, plants installed the
largest passive strainers acceptable in
conjunction with the other options, including:

1. The replacement of problematic insulation
with insulation determined to be less likely to
generate or transport debris to the strainer,
and

2. The revision of the NPSH calculation to
include containment over pressure and/or
eliminate conservatism in piping head loss
calculations.

8.2 Replacement Strainer Designs

This section focuses on various strainer options
installed in U.S. BWRs and draws inferences
regarding their applicability to U.S. PWRs.2

2 At the time of this report, one U.S. PWR
implemented a partial solution to address concerns
related to debris buildup and NPSH. The hardware
changes made at this plant included increasing the
sump screen area and possible redesign of parts of
the sump. Reportedly, a series of expenments
were performed in support of the strainer design
and installation. The details of the design and the
associated testing and qualification program were
not available for review; therefore, a summary of
this design is not included herein.

8.2.1 Passive Strainer Designs Installed in
U.S. Nuclear Power Plants

The BWROG research into passive strainer
design was limited in scope, focusing primarily
on evaluating the feasibility of certain concepts,
such as the star strainer and stacked disk
strainer. This research program and the results
are summarized in the BWROG URG.81 Figure
8-1 presents a schematic representation of the
test setup used in the BWROG prototype
testing. Typically, the strainer module is located
in a large tank of water. Water flow through the
strainer module is maintained by recirculation
pumps, which take suction through the strainer
and discharges back into the tank. In some test
setups, water discharge locations are located
strategically to maximize turbulence in the tank,
such that the potential for debris settling in the
tank is minimal.3 Other test setups use either
mechanical or manual means to ensure that
most of the debris added to the tank would
reach the strainer, and that minimal, if any,
debris would settle out in the tank. Head loss
across the strainer is monitored using a
pressure transducer located downstream of the
pipe flange connected to the strainer.

The experimental results suggest that head loss
across the passive strainers modules (i.e., the
advanced designs descnbed below) is a non-
linear function of debris loading. Figure 8-2
shows a representation of measured head loss
as a function of strainer debris loading for a
stacked disk strainer. The advanced passive
strainers are designed such that they would
have a gap or crevice where debris would
initially accumulate preferentially when debris
loading is small. The debris accumulated in
these gaps would be subjected to lower fluid
velocities, and hence would lead to lower head
loss. Further, when the flow moves somewhat
parallel to portions of the strainer surfaces,
debris on these surface is pushed further into
the gaps, thereby keeping a portion of the disk
surface relatively clean of debris until the gaps
are filled. After these gaps are filled, debris
would start to accumulate on the circumscribed
surface of the strainer, which resembles a
regular shaped strainer (cylindrical in the case of
stacked-disk strainers). In view of this complex

3 The quantity of debris on the strainer was usually
based on the quantity of debris introduced into the
test tank, therefore the quantity of debris not
collected on the strainer needed to be negligible.
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relationship between the head loss and debris
loading, special attention should be paid to

collecting head loss data over a wide range of
debris loading and carefully judging the
applicability of test data to a given plant.

The primary design concept in all passive
strainers is to maximize the strainer surface area
(i.e., area of the perforated surface through
which water flows into the strainer) while
minimizing the space required for the strainer.4

These design concepts were further refined or

reengineered as required by strainer vendors to

suit specific plant needs. The vendors in
support of particular strainer designs undertook
separate testing and engineering studies.
Ultimately, four types of passive strainer designs
were installed at U.S. BWRs. Although these
designs differ significantly from each other, the

designs had one common feature in that they all
rely on cavities, troughs, or traps where debris
can collect on the strainer surface without
significantly increasing head loss across the
strainers.

8.2.1.1 PCI Stacked-Disk Strainers

PCI developed and tested prototype stacked-
disk strainers, and designed, fabricated and
installed advanced passive stacked-disk
strainers for installation at several U.S.
BWRs. 3 '8 5 The PCI strainer concept,
referred to commercially under the trademark
Sure-Flow, consists of a stack of coaxial,
perforated metal plate disks that are welded to a

common perforated internal core tube. The
design maximizes the strainer surface area
while keeping the volume occupied by the
strainer to a minimum. Innovative Technology
Solutions Corporation (ITS) provided the head
loss performance modeling and sizing solutions
for industry implementation" based on
NUREG/CR-6224 methodology.8-7 Figure 8-3 is

a photograph of the PCI strainers installed at a

BWR. Among the design features of the PCI
strainer is the internal core tube designed to

ensure relatively uniform approach flow5. The
core tube is shown in Figure 84. Several

4Minimizing circumscribed area was of benefit to
BWRs because of issues related to hydrodynamic
loads and also because compact strainers were
needed to fit into the suppression pools.

5 The core tube provides structural support and also
makes the approach flow more uniform.

prototypes of the PCI stacked-disk strainers
were tested for head loss measurements at
the EPRI NDE Center test facility and other
test facilities. PCI reports provide a description
of the test program and the results. 3 ' 5

The hydraulic performance of PCI strainers
was also tested by the BWROG8' and as part
of qualification testing by Commonwealth
Edison."

PCI Sure-Flow Strainer Design and Testing
Program
PCI fabricated and tested prototypes over a
period of nine months to evaluate the head loss
performance of the Sure-Flow strainers. The
hydraulic performance testing was conducted
at the EPRI test facility using the test setup
designed and operated as part of the BWROG
testing program. One prototype, referred to as
Stacked-Disk #1 in the URG, was a 40%-scale
prototype with six disks, five troughs between
the disks, a 13-in. core tube, a 30-in. outside
diameter, and was 2.5 ft long. A larger
prototype, referred to as Stacked-Disk #2, was
a 4-ft-long strainer with a core tube diameter of
26 in. and a stack outer diameter of 40 in. Both
the BWROG and PCI tested the head loss
performance of these strainers. An engineering
correlation of the test data was proposed by PCI
for limited applications.

The Sure-Flow strainer is not a standardized
strainer, i.e., one size does not fit all. Instead,
the PCI concept is to use similarly designed
strainer modules of various sizes and quantities
as necessary for each plant. A plant would first
determine the anticipated debris loading and the

strainer design criteria applicable to that plant.
PCI and its contractors would determine the size
and number of stacked-disk modules necessary
to meet the design criteria. For this approach to
be successful, the PCI team needed a model
that accurately predicted the head loss
performance of a generic PCI Sure-Flow
strainer. ITS Corp. adapted the head loss model
used in the NUREG/CR-62248 7 study for use
with the stacked-disk strainer geometry, 86 and
developed a proprietary computer code named
HLOSS to automate head loss calculations
performed for each plant. The overall technical
approach for using the NUREG/CR-6224
correlation to predict PCI Sure-Flow strainer
performance was validated by comparing
correlation predictions with head loss data.
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Figure 8-3 PCI Stacked-Disk Strainer Being Installed at Pilgrim Nuclear Power Plant

Figure 8-4 The Core Tube Used in the PCI Stacked-Disk Strainers

NRC Review of the PCI Strainer Program
Because the PCI test data and the ITS head
loss models were used by many licensees, the
NRC contractor LANL performed an in-depth
review of the PCI head loss data and evaluated
the adequacy of the head loss models. The
results of this review are summarized in the
LANL technical evaluation report (TER)
'Technical Review of Selected Reports on
Performance Contracting, Inc. Sure-Flow

StrainerTm Test Data."& 9 In general, it was
concluded that the test program used by PCI for
verifying the hydraulic performance of the
prototype strainer is acceptable

Documentation
The PCI head loss data is documented in the
PCI report 'Summary Report on Performance of
Performance Contracting, Inc.'s Sure-FlowTM
Suction Strainer with Various Mixes of Simulated
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Post-LOCA Debris."S3 The results of this review
are summarized in the LANL TER entitled
"Technical Review of Selected Reports on
Performance Contracting, Inc. Sure-Flow
Strainer1' Test Data." 9

8.2.1.2 General Electric Stacked-Disk
Strainers

GE supplied an advanced passive stacked-disk
strainer to the nuclear industry that was
designed to alleviate the strainer blockage
problem. The GE design (information regarding
the design is proprietary) offered an
improvement over the conventional stacked-disk
strainers tested by the BWROG. A relatively
large cavity volume accommodates larger
volumes of insulation debris without a
substantial increase in the head loss. Each
GE strainer is designed specifically to suit a
particular plant application to meet specific
requirements for estimated debris and
hydrodynamic loadings. The design details of
the strainer and the hydraulic performance
characteristics of the strainer were provided to
NRC for review by GE in a proprietary GE
Licensing Topical Report (LTR)."' 0 The NRC
review of the GE strainer performance and
important conclusions are summarized in a
LANL TER (not publicly available)."-" GE
strainers were installed at Duane Arnold, Hatch
(Unit 1), Oyster Creek, River Bend, Cooper,
Fermi (Unit 2), Susquehanna (Units 1 and 2),
Nine Mile Point (Unit 2), and Browns Ferry
(Unit 2 and 3).

GE Program
GE fabricated a prototype strainer and tested its
hydraulic performance at the EPRI NDE Center.
The facility and testing procedures were the
same as those used in the BWROG test
program. The tests involved both fibrous debris
and RMI debris. In each test, predetermined
quantities of fibrous debris, corrosion products,
and RMI debris were added to the test tank and
kept in suspension by pumped-flow recirculating
flow pattems. Sufficient time was allowed for
debris to accumulate on the strainer surface,
and then the head loss was measured at varying
flow velocities. The objective was to examine
the effect of velocity on debris bed compression
without the results being affected by filtration.
The actual quantity of debris deposited on the
strainer surfaces was not directly measured but
deduced from the quantity of debris added to the

pool. (A similar approach was followed in all
BWROG tests.)

NRC Review of the GE Program
The NRC reviewed GEs "Application
Methodology for GE Stacked-Disk ECCS
Suction Strainer-i,"-10 and associated
documents. In addition, the NRC sponsored two
sets of confirmatory analyses to evaluate the GE
head loss methodology. In the first analysis, the
NRC examined:

1. The actual range of experimental
parameters explored in the GE tests and
compared the parameters with those of
the proposed plant applications, and

2. The process used to develop the correlation
and the generic acceptability of the
correlation.

The second set of calculations compared GE
test data with the predictions of a modified
version of NUREG/CR-6224 correlation.

Based on the NRC review, the NRC staff
concluded that the test program used by GE
for verifying the hydraulic performance of the
prototype strainer is acceptable for BWR
applications. However, the staff had concerns
regarding the validity and use of this correlation
for plants outside those reviewed.

Documentation
The GE methodology is documented in the GEs
Application Methodology for GE Stacked-Disk
ECCS Suction Strainer" (proprietary).8' 0 The
NRC review of the GE methodology for
determining head loss across GE stacked-disk
strainers is documented in a LANL TER entitled,
"Technical Review of GE LTR NEDC-32721 P:
Application Methodology for GE Stacked-Disk
ECCS Suction Strainer' (proprietary corporate
information).&"

8.2.1.3 ABB Combustion Engineering
Strainers

The ABB strainers use another approach to
extend the screen area and thus reduce the
approach velocity at the plate. The original
strainer design is based on concepts developed
in Europe; however, later developments were
undertaken in U.S. The design was tested and
demonstrated by ABB at the EPRI facility.1'2

The ABB strainers were installed at Peach
Bottom (Units 2 and 3) and Limerick (Units I
and 2). The NRC did not specifically review the
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testing program for the ABB strainers; however,
the NRC did review plant specific evaluations
where ABB strainers were employed. ABB
designs are protected as proprietary information.

Documentation
LANL review of ABB strainer performance and
related issues are summarized in the Limerick
audit report entitled, "On-Site Audit of the
Limerick Nuclear Power Plant Emergency
Core Cooling System Strainer Blockage
Resolution.

8.2.1.4 Mark IlIl Strainers

The Mark-lIl BWR owners sponsored a research
program to design and qualify a strainer best
suited for Mark Ill containments. This design
takes advantage of the Mark Ill containment
layout. The strainers are very large and are
located on the floor of the suppression pool.
Figure 7-14 is a photograph of an individual
strainer module from the quarter-scale test
facility. Several (up to 50) of these full-scale
strainer modules are joined together to form the
strainer in the plant. Figure 7-13 shows an
assembled strainer. The resulting strainers
have surface areas in excess of 6000 ft2. These
strainers were tested at the quarter-scale test
facility. NRC review comments on the testing
program and the application of the test results in
the plant submittals are summarized in the Mark
Ill Grand Gulf Nuclear Station (GGNS) Audit
Report and LANL TER.&14 GGNS replaced its
existing truncated cone strainers that had a net
surface area of 170 ft2 with large-capacity
passive strainers having a combined area of
6253 ft2 (-37 fold increase). Strainers of this
design were also installed at Perry and Clinton.

GGNS also conducted extensive quarter-scale
pool transport and head loss testing for their
replacement strainer design and small-scale
testing for a segment of the design. The NRC
staff audited the GGNS strainer clogging issue
resolution in August 1999 and evaluated the
application of quarter-scale testing to the GGNS
plant analysis. The replacement strainers,
designed by Enercon Services, Inc., were
combined into a large single strainer that
circumscribes the suppression pool near the
floor, as illustrated in Figure 7-13. This strainer
serves as a common header for all six ECCS
pumps so that any combination of operating
systems can draw recirculation water through
the same large screen area. The primary
concern regarding their test program was the

estimation of the combined effects of fibrous
debris (Kaowool and fiberglass) and particulate
debris consisting primarily of calcium silicate.

Grand Gulf Quarter-Scale Test Program
GGNS sponsored a research program to study
head loss performance of their replacement
strainer. A quarter-scale strainer was built and
installed in the Mark-lIl quarter-scale test facility.
Geometric, operational, and debris loading
parameters were all scaled to the GGNS plant
values. The flow velocity and debris bed
thickness were monitored in the tests to ensure
that the measured head loss caused by the
debris buildup could be used directly in the plant
NPSH analysis.

NRC Review of Grand Gulf Quarter-Scale
Test Program
The staff compared the scaled test parameters to
those of the plant and determined that the
quarter-scale testing adequately simulated
important flow parameters. In particular, the
licensee ensured that the approach velocity at the
strainer surface was the same as the approach
velocity in the plant, and the debris loadings per
unit area of the strainer in the tests were the
same or greater than those expected in the plant.
There are two geometrical differences between
the quarter-scale test setup and the plant:

1. The quarter-scale tests used a significantly
lower number of strainer sections compared
to the plant, and

2. The construction of these strainer segments
was different with respect to specifics, such
as the number of ribs and the plate thickness.

These differences mean that clean-strainer head
losses measured in the quarter-scale test setup
were not directly scalable to the GGNS plant
application. However, the licensee performed
detailed analyses to correct for these differences.

All of the tests were conducted at 750F whereas
the suppression pool temperatures were
expected to reach approximately 1850F. The
licensee used the test results directly in their
NPSH margin evaluation; however, this was
conservative because testing at the lower test
temperature resulted in higher head losses, due
to viscous effects, than would have occurred if
the testing had been performed at the
temperatures expected to result following a
LOCA. The clean-strainer head loss for the
quarter-scale geometry was about 3 in. of water
at the conditions representing runout ECCS flow.
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The licensee sponsored five tests directly
applicable to GGNS. The NRC staff drew the
following conclusions regarding the GGNS
quarter-scale testing program and its results:

* The licensee test program was extensive with
great attention to detail.

* Data repeatability was acceptable. Head loss
variations of 2-ft water or less were measured
for repeatability tests and the plant has
sufficient margin to account for these
uncertainties.

* The head loss tests indicate that some of the
tests might not have reached steady state
before termination. The licensee accounted
for this apparent shortcoming by
extrapolating to a steady value.

• Debris bed combinations of Kaowool and
calcium silicate resulted in high head losses,
even though the approach velocity was
relatively slow (0.016 ft/s). This finding was
significant, because such data was previously
not available. It should also be noted that the
licensee continued selected testing after the
staff completed their review to better
understand head loss implications of calcium
silicate insulation debris.

Documentation
A review of the GGNS strainer testing is found in
a LANL TER, titled "On-Site Audit of the Grand
Gulf Nuclear Station Emergency Core Cooling
System Strainer-Blockage Resolution."&'4

8.2.2 Active Strainer Designs

8.2.2.1 BWROG Research into Active
Strainer Concepts

BWROG test program performed two series
of tests into active strainer concepts; these
concepts were the passive strainer with
backflush capability concept, and the self-
cleaning strainer concept. For backflush
strainers, tests were conducted to evaluate the
maximum fiber and corrosion product capacity
until backflush needs to be operated, the effect
of thin fiber beds, the feasibility of backflushing,
and the effect of RMI on backflush. Tested
debris included prototypical fibrous insulation,
RMI, simulated corrosion products, and
miscellaneous debris. The self-cleaning strainer
was tested to evaluate its ability to maintain a
clean strainer surface area under various debris
loadings at design flow rates and its start up
capability after a period at a minimum flow
condition. Utility Resolution Guidance for ECCS

Strainer Blockage, General Electric Nuclear
Energy Company, Class 1, Nov. 1996,81
describes these strainer design concepts
and their associated test programs.

The summarized results for backflushing are as
follows.

* The truncated core strainer was successfully
backflushed under all conditions. Typically
fibrous insulation can be easily backflushed,
but when it is mixed with suppression pool
sludge or other particulate debris removal
became difficult. Also, the removed material
tended to accumulate on the strainer again
as the flow was reinitiated and at a rate
faster than the first time.

* Although some relief was obtained for the
60-point star and the stack-disk strainer
designs tested, debris was not adequately
removed at flow rates up to the maximum
backflushing 5000-gpm flow when fibrous
insulation was used.

* With the exception of some RMI debris
wedged into the internal portions of the stars
of the 60-point strainer, the RMI debris by
itself was successfully removed by shutting
off pump suction flow (i.e., no backflush
required).

The summarized results for self-cleaning
strainer testing are:

* The active front portion of the strainer was
kept clean for all debris types and loadings
tested at the design flow rate of 5000-gpm.
The head loss across the strainer was found
to be essentially constant at a given flow
rate and independent of the debris loading.

* It is possible that sufficient debris can
accumulate on the active portion of the
strainer under a low-flow start-up condition
to prevent subsequent plow/brush rotation at
design flow rates.

* Although the strainer maintained a clean
front surface, the head loss across the clean
strainer and the torque generated by the
turbine were higher than expected. This
result required that considerable additional
engineering would be needed prior to
installation. It is also possible that
installation and operation may be difficult to
qualify when subjected to hydrodynamic
loads.

* Foreign materials, such as anti-
contamination clothing and booties, tended
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to become lodged in between the plow and
the strainer surface. They are then difficult
to dislodge.

Installation of active strainers at U.S. Nuclear
Power Plants was not undertaken because:

* Operability testing and inspection of active
components were deemed very resource
intensive, especially for BWRs where
strainers are located in the suppression
pool, and

• Design and sizing of the strainers is
complicated by the fact that all such
analyses must make important assumptions
regarding the rate at which the debris arrives
at the strainer and the time available for
operator action.

8.3 Overview of U.S. BWR Plant
Implementation

From the beginning, it was recognized by both
the NRC and the BWROG that none of the
passive strainer designs are standardized
designs (i.e., a one-size strainer fits all strainer
applications). Further, it was recognized that
additional analyses would have to play an
important role in sizing the strainer. As a result,
considerable effort was devoted in the BWROG
URG to provide detailed guidance on performing
plant-specific analyses to estimate the potential
for debris loads on the ECCS suction strainers
following a LOCA, taking into consideration the
guidance provided in the RG 1.82, Rev. 2.

Every operating U.S. BWR plant replaced their
existing LPCI and LPCS pump suctions strainers
(typically conical type strainers). The industry
addressed the requirements of NRC Bulletin
96.038-2 by installing large capacity passive
strainers in each plant (i.e., NRC Option 1) with
sufficient capacity. There were, however, a few
plants that installed the replacement strainer
before the BWROG URG and the URG SER
were issued. The supporting analyses for these
plants deviated in some cases significantly from
the approved URG methodologies.

8.3.1 NRC Review of U.S. Plant
Implementation

The NRC closely followed plant implementations
through active participation in the industry
meetings, review of plant-specific submittals,
and by performing onsite audits of four nuclear
power plants. Participation in industry meetings

facilitated the exchange of information with the
BWROG and individual licensees, and provided
a means for the NRC to clarify specific elements
of the regulatory guidance (e.g., the thin-bed
head loss issue). The participation also helped
the NRC staff to keep abreast of the methods
used by the licensees and of uncertainties in
some of the assumptions in sizing strainers.

Plant-specific submittals were provided by some
licensees as part of licensing amendment
requests, consistent with the requirements of
10 CFR 50.59 and 10 CFR 50.90. Most of the
licensing amendments were related to licensee
intent to use higher containment overpressure
credit in the NPSH calculations.

Prior to the completion of the NRC staff's review
of the URG, some submittals were provided for
NRC review during the strainer sizing and
design phase to minimize the replacement
project risk. A list of plants that provided
replacement strainer details for NRC review is
as follows: Browns Ferry (Units 2 and 3),
Brunswick (Units 1 and 2), Cooper, Hatch (Units
1 and 2), Hope Creek (Units I and 2), LaSalle
(Units 1 and 2), Limerick (Units I and 2), Peach
Bottom (Units 2 and 3), Pilgrim (Unit 1), and
Quad Cities (Units 1 and 2).

The strainer areas (plant totals) installed at the
operating BWR plants are listed in Table 8-1
along with their respective strainer vendors. 19
As evident, the replacement strainers are in
general very large compared to pre-NRCB 96-03
strainers. Only four sites installed strainers with
areas less than 1100 ft2 and these four sites use
primarily RMI and have little fibrous insulation in
containment. The flow velocities at the plate for
the replacement strainers ranged between about
0.001 ft/s and 0.1 ft/s.

Based on their review of each plant submittal,
the NRC concluded that the industry had
addressed the requirements of NRC Bulletin
96-03 by installing large capacity passive
strainers in each plant (i.e., NRC Option 1).
The strainers had sufficient capacity to
accommodate the debris loads postulated to
reach the strainer following a worst-case large
break LOCA. The NRC found that in most
cases the licensees had voluntarily used
conservative assumptions in sizing and
designing the replacement strainers. This
voluntary conservatism was in addition to
conservatism built-in to the URG guidance.
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Table 8-1 Total Strainer Area and Vendor for Each BWR Plant Responding to NRCB 96-03

Reactor Containment Total Area per Strainer

Plant Design Design Plant (ft 2 ) Vendor

Browns Ferr 2& 3 BWRI4 Mark I 1192 GE

Brunswick 1 & 2 BWRI4 Mark I 1575 PCI

Clinton BWRI6 Mark III 6057 Enercon

Cooper BWR/4 Mark I 2164 GE

Dresden 2 & 3 BWR/3 Mark ! 475 PCI

Duane Arnold BWR/4 Mark ! 1359 GE

Fitzpatrick BWR/4 Mark I 2928 PCI

Fermi 2 BWRI4 Mark I 2322 GE

Grand Gulf BWRI6 Mark III 6253 Enercon

Hatch 1 & 2 BWR/4 Mark I 1110 GE

Hope Creek BWR/4 Mark I 3788 PCI

LaSalle 1 & 2 BWR/5 Mark II 500 PCI

Limerick 1 & 2 BWR/4 Mark I 2715 ABB

Monticello BWRI3 Mark ! 1224 PCI

Nine Mile Point 1 BWR/2 Mark I 1286 PCI

Nine Mile Point 2 BWR/4 Mark II 1412 GE

Oyster Creek BWR/2 Mark I 1425 GE

Peach Bottom 2 & 3 BWR/4 Mark ! 3550 ABB

Perry BWR/6 Mark III 5326 Enercon

Plgrim BWR/3 Mark I 1340 PCI

Quad Cities 1 & 2 BWRI3 Mark I 832 PCI

River Bend BWRi6 Mark III 2424 GE

Susquehanna 1 & 2 BWR/4 Mark II 1340 GE

Vermont Yankee BWR/4 Mark I 2488 PCI

WNP 2 BWR/5 Mark II 825 PCI

8.3.2 Onsite Plant Audits

Four BWR plants were chosen for a detailed
onsite audit by the NRC staff: Limerick (BWR/4
Mark II), Dresden (BWR/3 Mark I), Duane Arnold
(BWR/4 Mark I), and Grand Gulf (BWR/6 Mark
ll). The primary objective of these audits was
to independently confirm the adequacy of the
strainer sizes and to independently evaluate the
performance of the replacement strainers under
LOCA conditions. In addition, the audit
reviewed the supporting documentation to
identify any concerns regarding licensee strainer
design criteria and strainer performance
analyses. In particular, the review of licensee
strainer design analyses did the following:

1. Evaluated how the licensee estimated the
quantity of debris used for sizing the
strainer, that is, determined if the
methodologies used for selecting the breaks
were consistent with RG 1.82, Rev. 2, and

provided reasonable estimates for debris
generation and transport.

2. Evaluated the licensee's proposed strainer
design criteria and strainer performance.

During the plant audit, the NRC staff undertook
a detailed review of the documentation provided
by the licensee and performed several
independent calculations, as necessary. The
types of analyses performed by the staff during
the audit included:

1. Debris Generation Calculations. Wherever
possible or necessary, the NRC staff used
reactor piping layout drawings to
independently map the ZOI and estimate the
quantity of debris contained within the ZOI.

2. Debris Loading Evaluations. In each case,
the staff independently calculated the debris
loads expected on the strainer following a
LOCA and how these loadings compared
with the licensee estimates. The
comparison provided a measure of the
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margin-of-conservatism in the licensee
calculations.

3. Strainer Head Loss and NPSH Evaluations.
NRC staff used the BLOCKAGE computer
code to estimate head losses corresponding
to various postulated ECCS responses (e.g.,

single-failure criterion). These head loss
estimates were compared with the licensee
estimates to draw conclusions regarding
strainer performance.

In addition, NRC staff paid close attention to

judge the effectiveness of the licensee FME

program. The results of the technical analyses
are summarized in the audit reports. These
TERs were:

* "On-Site Audit of the Dresden Nuclear
Power Plant Emergency Core Cooling
System Strainer Blockage Resolution.

* "On-Site Audit of the Limerick Nuclear
Power Plant Emergency Core Cooling
System Strainer Blockage Resolution."813

* "On-Site Audit of the Duane Arnold Energy
Center Emergency Core Cooling System
Strainer Blockage Resolution.' 6

Table 8-2 provides a brief summary of the issue
resolution for the audited plants. The screen
areas provided in the table again demonstrate
the large sizes of the resolution strainers,
especially when compared to their respective
pre-NRCB 96-03 strainers.

* 'On-Site Audit of the Grand Gulf Nuclear
Station Emergency Core Cooling System
Strainer-Blockage Resolution.

Table 8-2 Issue Resolution Summary for Audited Plants
Insulation

Types Located Plant Resolution NRC Audit

Plant Design In the Drywell Resolution Basis Findings

Grand BWRJ6 RMI Increased existing Licensee based Licensee conservatively

Gulf Mark Ill Kaowool strainer surface analyses on estimated debris

Nuclear Calcium-Silicate area from 170 ft2 to URG supported generation, transport,

Station Fiberglass 6253 ft2 by by /4 scale and strainer head loss.
installing passive testing. NRC estimated head

large-capacity losses substantially less
suction strainers. than licensee estimate.

Limerick WRI4 NUKON Increased existing Licensee based Licensee conservatively

Mark 11 Mmn-K strainer surface analyses on estimated debris

RMI area from 269 ft2 to URG. Head loss generation, transport,
2715 ft2 by estimate less and strainer head loss.
installing passive than 4-ft water NRC estimated head loss
large-capacity and NPSH less than 2-ft water.
suction strainers margin of 12-ft

water.

Duane BWRI4 NUKON Increased existing Licensee based Licensee used NRC-

Arnold Mark I Calcium- strainer surface analyses on approved methods to

Silicate area from 38 ft2 to URG and GE estimate debns

RMI 1359 ft2 by head loss generation and transport,

Lead Wool installing passive correlation. and estimated
large-capacity conservative strainer
suction strainers. head loss.

Dresden BWR/3 RMI Increased existing Licensee based NRC determined licensee

Mark I NUKON strainer surface analyses on strainers adequately

Calcium-Silicate area from 18.8 ft2 URG and plant sized, although

Asbestos to 475 ft by specific alternate inconsistencies and

Amaflex installing passive methods. deviations from URG
large-capacity found in licensee
suction strainers analyses

* Majority of total insulation of this type.
^- Insulation screened out of analysis due to location, e.g., inside biological shield.
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8.4 Special Considerations for
PWR Resolution Options

No special strainer designs have emerged to
date in the U.S. for implementation in the
PWRs6. This section provides some of the
considerations, other than the head loss
considerations described above, that should be
addressed. Data for this subsection has been
provided by the Finnish utilities Imatran Voima
Oy (IVO) and Teollisuuden Voima Oy (TVO), the
Electric Power Research Institute (EPRI),
Performance Contracting Inc (PCI) and Transco
Products Inc (TPI). This section was adopted
from the CSNI Knowledgebase Report.&1

8.4.1 Flow Path Blocking

Clogging or blocking of water pathways that
connect locations where water is discharged into
the containment and where the sump is located
could prevent the free flow of water to the sump.
This in turn could significantly alter the water
level at the sump and the overall water inventory
available for mitigating an accident. Such
blockage could also significantly alter flow
patterns in or around the sump, with implications
to debris transport.

Flow path blocking becomes possible if there
are debris interceptors, such as perforated
plates, screens, gratings, entryways with grated
doors, etc., along the flow path. Such structures
can collect insulation debris and other materials
behind the obstructing surface. Based on
existing data and analyses, flow-path clogging, if
it were to occur, would appear more likely at the
earlier phases of a large or intermediate LOCA.
During this phase, water and steam discharged
from the break flows at high velocities through
these pathways and would likely transport large
pieces of debris (e.g., partially torn insulation
blankets or damaged and stripped RMI
cassettes) and subsequently depositing
significant quantities of debris onto the debris
interceptors.

The database for performing flow path clogging
evaluations is very limited. In general, the risk of
flow path clogging emerges due to the release of
larger pieces of insulation blankets, pieces of

6As previously discussed, although sump screen
modifications were made at one PWR, these
moddications did not involve installation of any
specialized strainer designs.

metallic insulation cassettes, and as-fabricated
fibrous insulation pillows, all of which could float
during early stages of the accident. The eventual
risk depends on the structure of the pathways
and the nature of the insulation employed, which
vary considerably from plant to plant. Debris
transport data from NRC sponsored tests at
University of New Mexico and previously at
Alden Research Laboratory provide some of the
data on flow conditions required for the transport
of larger debris and the potential for them to flip
up onto obstructions (discussed in Sections 5
and 6).

8.4.2 Strainer Penetration

The purpose of an ECCS suction strainer or a
sump screen is to prevent foreign materials from
entering sensitive coolant systems. However,
some amount of material (fibers, particulates,
small metal shreds from metallic insulation, etc.)
could potentially penetrate a strainer, particularly
during the early stages of an accident, before
sufficient debris accumulates on the strainer to
effectively filter the smaller debris. If back-
flushing or other types of strainer cleaning were
to be employed then the cleaned screen would
once again be more susceptible to debris
penetration as a result of that operation (again
note that U.S. BWRs did not select this option).
This issue is especially important for current
U.S. PWRs because the current sump screen
clearances (i.e., mesh spacing) vary
considerably, from 1/16-in. to 1-in. All U.S.
BWR strainers now have clearances of 118-in.
or smaller and there is standardization due to
GE design control.

This concern can be attested to by the anecdotal
information from the Marviken blowdown
experiments, which were carried out in a
canceled prototype BWR. In these experiments,
there was a containment spray to which water
was pumped from the containment sumps. The
sump screens had 8-mm by 8-mm square holes
(relatively large). At the time, the plant used
primarily mineral wool insulation. During the first
experiments, the insulation debris that passed
through the screens clogged the spray nozzles.
The experimenters also observed considerable
quantities of the debris in the pump casings and
other locations in the piping, such as in the
valves.

The significance of strainer penetration depends
on the types of materials that are present and on
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their potential influence on other system
components, such as pumps (e.g., damage to
pump seals), nozzles (e.g., clogging), br the
reactor core, where blockages may also form,
subsequently threatening fuel integrity by
impairing heat transfer. All these are greatly
affected by the properties of the individual
particles, which vary substantially among the
types of insulation and other materials present in
the containment.

The Finnish and Swedish utilities have
produced some experimental results on how
fibrous insulation debris penetrates a perforated
plate.' 7 These data are shown in Tables 8-3
and 8-4. In the U.S., the BWROG also obtained
some data on the debris penetration of a
perforated plate.8 '

The debris that passes through the strainer
proceeds through all components of ECCS or
CS systems, that is, through valves, pumps,
heat exchangers, and spray nozzles, into the
reactor core, and back into the containment.
Safety concerns predominantly relate to
clogging, but as far as pumps are concerned,
there may also be potential for problems with
shaft seals, particularly leakage and heatup,
which could lead to pump shaft seizure. The
survey conducted so far has revealed no data
on the possibilities or phenomenology of
clogging phenomena in heat exchangers, or
reactor internals, excluding the spray nozzles
and fuel bundles. Whether a potential for
problems exists is completely dependent on the
setup of the individual application.

The components that have received attention,
spray nozzles and fuel bundles, are discussed in
more detail below. Although another
component, valves/nozzles in the HPSI lines,
received attention, no experimental data is
available.

8.4.2.1 Spray Nozzles

Two data points have been reported, one an
experiment with nozzles and the other an
anecdote of large-scale blowdown experiments.

Tests were performed to determine the
potential for NUKON glass fibers to clog a spray
nozzle.8 17 The test apparatus consisted of a
small tank, a centrifugal pump, piping and two
3/8-in. (9.5-mm) containment spray nozzles.
NUKON blanket parts (glass wool, woven jacket,

nylon looped Velcro and stainless steel hooked
Velcro) were cut into pieces ranging from 1 in.
to 3 in. (2.5 to 7.5 6m) on a side, placed in the
tank, and allowed to pass through the pump to
the nozzles. The circulation rate was maintained
as close as possible to the nominal nozzle flow
rate.

The following general observations were made:

1. "Soft' pieces (without steel) were
disintegrated into fine slurry in the pump and
as such never caused clogging of the
nozzles.

2. The stainless steel hooks and canvas
clothing pieces passed through the pump
without disintegrating and jammed into the
nozzle.

3. When a piece of steel jammed in the nozzle,
other components of the fine slurry would
buildup behind the jammed steel and cause
the nozzle to clog (i.e., caused a noticeable
flow reduction and impaired the formation of
the nozzle spray cone).

Susceptibility to nozzle clogging would depend
on the size of the nozzle (i.e., a smaller nozzle
would clog easier than would a larger nozzle)
and on the particle density. Even, with a
relatively large sized nozzle, clogging can be
initiated by millimeter-scale pieces of debris
(debris not completely disintegrated while
passing through a pump), although such pieces
alone may not overly impair the nozzle function.
Such debris could subsequently collect finer
debris, thereby causing complete or nearly
complete blockage of that nozzle. Such
clogging phenomenon would likely occur with
any combination of fibrous material and other
stiff debris (e.g., metallic debris).

8.4.2.2 Fuel Bundles

Four different mechanisms seem to exist that
might cause clogging of the core from the debris
or other ingredients present in the coolant:
thermal adherence to hot surfaces, chemical
adherence, hydraulic accumulation, and
enrichment due to boiling. The first
knowledgebase report provides detailed
discussions on the effect of debris accumulation
on the fuel bundles. Examples of accumulation
include fibrous debris accumulation on the fuel
bundle spacer grids, between the spacer grids
and the rods, and on fuel assembly inlet debris
screen, if present.
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-rThl R_. Fibhr Penetration. 4-mm Pertoratea riate-

Concentration Per Total Mass Passed
Volume of Water Through Per Strainer Area Remarks

Mineral Wool (Rockwool) m
37 g/m3  16 g/ See Notes 1 & 2

150 g/m3  24 g/m2

Glass Fibers/Rockwool Mixture, 1:1 by weight
37 g/m3  5g/m2  See Notes 1 &2

150 g/m3 20 g/m

Note 1: The 'Total Mass" is the total mass of material that the experimenters determined to have passed

through the strainer. In the reported experiments,'18 a fibrous bed formed on the strainer within

three to five min. The experimenters report that no penetration occurs after that.

Note 2: The uncertainties in this data are very large, up to a factor of 3 (that is, the mass passed per area

may be 3 times larger). Other experiments have yielded even larger penetrations, over 2 kg/iM2.

Table 8-4 Fiber Penetration, 4-mm Perforated Plates17

Final Mass Penetration

Batch Size Coverape Period Passed Rate*
(kg/ m2) (kg/mr) (min) (g/m2) (glm2 min) Note

Rockwool, Fresh
0.83 0.83 35 48 1.4 3

0.83 1.66 30 0 0.0
1.0 1.0 90 14 0.16 4

Rockwool, Resin-Free
0.33 0.33 95 250 2.6
0.33 0.66 75 190 2.5

0.33 1.0 60 170 2.8
1.0 2.0 70 470 6.7
1.0 3.0 100 610 6.1
2.0 5.0 25 770 3.1
0.0 5.0 70 250 3.6

Totals 495 2710

Glass Wool, Thermally Aged

2.0 2.0 25 20 0.8

2.0 4.0 30 0 0.0

Remarks:
* Penetration rate is an average figure, obtained by dividing total passed mass by the period of

observation. Instantaneous penetration measurements were attempted but no results are reported.

Note 3: A strainer segment at 20 kg/m2s mass flux was to produce data on this and the next row.

Note 4: A 1:2 strainer model at 8 kg/m2s mass flux was used to generate this row and the rest of the data.
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8.4.3 LOCA Jet and Missile Considerations

The threats posed by postulated pipe breaks
and other pressure boundary failures on the
sump screens should be examined as part of
sump screen redesign. The safety concern is
that either due to LOCA jet impingement or due
to missile impaction, the sump screen would be
structurally damaged leading to partial or total
loss of screening capability. A loss of screening
capability would likely result in substantial
debris, including potentially large pieces of
debris, bypassing the screen.

Research performed so far indicates that LOCA
jet impacts can easily cause substantial damage
on finer mesh screens. Similarly, research
indicates that hard insulations (i.e., reflective
metallic insulations and encapsulated mass-type
insulations) can become 'hard' missiles and
could inflict severe damage on the components
located in their proximity. Most of this data is in
the form of anecdotal evidence and limited
studies performed as part of the BWR
resolutions

8.4.4 Feasibility and Efficiency of
Backflushing

Several European and U.S. experiments were
carried out to examine feasibility and efficiency
of backflushing. Two types of backflushing
techniques were used: (1) compressed air
injection and (2) water flow reversal. In both
cases to carry out the backflushing procedure,
it was necessary to terminate suction from the
strainer and restart the flow after the
backflushing process was completed. Head
loss was measured both before and after the
backflushing to examine efficiency of the
backflush procedure. The experimental
observations can be summarized as follows:

Strainer clogging due to reflective metallic
insulation debris was effectively mitigated by
backflushing. Typically the RMI fragments
tended to fall off when the flow was
terminated. The few left over pieces were
easily backflushed. Soon after completing
the backflush procedure, the pressure
differential was nearly zero but it steadily

increased again as the freed debris
gradually accumulated back onto the
strainer subsequently reaching the original
differential pressure.

* Backflushing was also effective for removing
fibrous debris from the strainers. In this
case, fibrous debris fell off in chunks and
some of this debris did not accumulated
back onto the strainers; thus efficiency of
backflushing was high for fibrous debris.

* Backflushing systems were not very
effective where beds of mixed fibrous and
RMI or fibrous and particulate debris were
present. Particularly, backflushing of an
essentially vertical surface (e.g., that in
existing PWR sumps) was not very effective
for mixed debris beds. This is due to the
fact that only a small fraction of the strainer
surface through which flow exits is cleared
of debris. In the case of an air-based
backflush system, the clearing occurred at
the top of the strainer and in the case of
water-based system, the clearing occurred
where the majority of the water exited the
screen. It was also observed that the debris
tended to accumulate once again on the
strainer surface, and this accumulated
debris caused a higher head loss than did
the original bed.

8.4.5 Debris Induced Mechanical Structural
Loadings

The pressure differential caused by a bed of
debris that has accumulated on a sump screen
or suction strainer (including the flow resistance
of the clean screen or strainer) would induce a
mechanical strain on the structure. Should
the sump screen or suction strainer fail
mechanically, its function could be
compromised, perhaps increasing the overall
resistance to flow, or perhaps allowing debris
to bypass the screen. For example, after the
suction strainers at the Perry plant became
clogged with fibers and corrosion products, the
strainers were found upon inspection to be
deformed, apparently from excessive differential
pressure (Section 9.2). Appropriate engineering
evaluations should be performed to ensure that
these structures are strong enough to stand up
to the increased mechanical loads of debris
accumulation.

7 This issue was not a concem for BWR plants with
the strainers located in the suppression pool where
the strainers are protected from this type of
damage.
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9.0 SIGNIFICANT EVENTS

This section describes operational events that
have occurred at both PWR and BWR nuclear
power plants that relate to the issue of sump-
screen or suction-strainer blockage. These
events are described in the general order of their
relative severity, starting with operational events
that have rendered systems inoperable with
regard to the systems' ability to complete their
safety mission. Two of these events resulted in
the generation of insulation debris by jet flow
from a LOCA caused by the unintentional
opening of safety relief valves (SRVs). (See
Section 9.1) Other events have involved the
accumulation of sufficient operational debris to
effectively block a strainer or screen or to plug a
valve. (See Section 9.2.) Some event reports
simply noted debris found in the containment
(Section 9.3) and inadequate maintenance that
would likely cause potential sources of debris
within the containment (Section 9.4). Related
event reports identified inadequacies in a sump
screen where debris potentially could bypass the
screen and enter the respective system. (See
Section 9.5.)

9.1 LOCA Debris Generation Events

The two LOCA events that generated insulation
debris both involved the unintentional opening of
SRVs; these occurred at:

1. the German reactor Gundremminggen-1
(KRB-1) in 1977,"' where the 14 SRVs of
the primary circuit opened during a transient
and,

2. the Barseback-2 nuclear power plant on
July 28, 1992,Y' during a reactor restart
procedure after the annual refueling outage.

Both of these reactors were BWR reactors with
similarities to US reactors. These events are
compared in Table 9-1 and summarized below.

Incident at Gundremminoen Unit 1
An event occurred at the German BWR reactor
Gundremminggen-1 (KRB-1) in 1977 in which
the 14 SRVs of the primary circuit opened during
a transient. The SRVs were located inside the
containment at a pipe attached to the main
steam line between the reactor pressure vessel
and the high-pressure turbine. The valves blew
directly into the surrounding containment, where

the pipes had been insulated with fiberglass
insulation reinforced with wire mesh and
jacketed with sheet zinc. The piping insulation
was extensively damaged.

After the incident, approximately 450 m3

(16,000 ft3) of water was found in the sump, of
which about 240 m3 (8500 fl3) originated from
the coolant circuit, with the rest delivered by the
containment spray system. This water
transported a substantial quantity of insulation
debris into the control drive mechanism
compartment directly below the SRVs. The floor
was covered with flocks of insulation material.
No larger parts of the insulation, such as sheet
metals or textiles, were transported there. A
thick layer of fiberglass insulation debris was
found at strainers installed in front of ducts
leading from this compartment into the sump.
Because recirculation from the sump was not
required, the layer of insulation debris on the
strainers had no further consequences.
Therefore, it is not known whether recirculation
from the sump was possible. No details
regarding debris quantities generated and
transported were made available for further
analysis. Nevertheless, the potential for
clogging recirculation strainers with insulation
debris generated by an operational incident was
clearly demonstrated.

Incident at Barsebbck Unit 2
An event occurred at the BarsebAck-2 BWR
nuclear power plant on July 28, 1992, during a
reactor restart procedure after the annual
refueling outage. The reactor power was below
2% of nominal power when an SRV opened
inadvertently because of a leaking pilot valve.
The main valve opened when the reactor
pressure had reached 3.0 MPa (435 psia). The
steam was released as a jet directly into the
containment. The containment is basically an
upright cylinder with the drywell in the upper part
and the wetwell directly beneath. Vertical
pressure relief pipes connect the drywell and
wetwell and their openings (covered by gratings)
are flush with the drywell floor. Because the
containment was isolated when the drywell
became pressurized, the water in the blowdown
pipes from the drywell into the wetwell was
forced from the pipes, allowing steam/air to flow
through the pipes into the suppression pool.

9-1



Table 9-1 Events with LOCA Generated Insulation Debris
Plant Event

Year (Type) Initiator Debris Consequence Reference
1977 Gundremmingen Unintentional Fiberglass Potential clogging of NEAICSNI/R (95)

Unit 1 opening of 14 insulation debns. recirculation strainers. 1 1g
(BWR) SRVs.

1992 Barseback Unit 2 Unintentional Metal-jacketed Clogged two of five spray- NEA/CSNI/R (95)
(BWR) opening of a mineral wool system suction strainers 119

safety valve. insulation debns. with loss of containment IN-92-71"2

sprays at 1 h. IN-93-02 (S1)'-3

The containment vessel spraying system and
the ECCS were started automatically.

About 200 kg (440 lb) of fibrous insulation debris
was generated, and about 50% of this debris
subsequently reached the wetwell, resulting in a
large pressure loss at the strainers about 70 min
after the beginning of the event. Gratings in the
drywell did not hold back the insulation material
effectively. The insulation debris was distributed
within the drywell following the event
approximately as follows.

* 50% on the framework with the debris
mainly concentrated in three areas: inside
the drywell 'gutter," near the outer
containment wall, and on or near the grid
plates over the blowdown pipes

* 20% on the wall next to the affected pipe,
from which most of the insulation originated,
and on the components around the safety
valve

a 10% on the wall opposite the affected pipe
* 12% on the walls above the grating lying

above the safety valve
* 8% on the grating above the safety valve

The debris was transported by steam and airflow
generated by the blowdown and by water from
the containment spray system. It could not be
determined how the transport developed with
respect to time and whether the blowdown or
washdown processes transported the major part
of the debris found in the wetwell.

The generation and transport of large amounts
of fibrous debris by the simple erroneous
opening of a safety valve were observed. The
debris transport included the short-term
transport caused by the steam and air blast and
the longer term debris washdown transport
associated with the operation of the containment
spray system. The extent of damage and of
transport appeared remarkably large given the
small leak size and low reactor pressure. The

significance of inertial impaction as a deposition
mechanism was apparent upon examining the
locations of debris deposited near the break.

9.2 Events Rendering a System
Inoperable

In operating PWR and BWR nuclear power
plants, events have occurred that resulted in a
particular system being rendered inoperable;
i.e., the ability of that system to perform its
safety-related mission was in considerable
doubt. These events include the accumulation
of debris on a strainer or a screen that caused
excessive head loss and events in which debris
entered a system and thereby adversely
affected the operability of a component of that
system. These events, which occurred at PWR
and BWR nuclear plants within the U.S., are
compared in Table 9-2 and summarized below.

Grand Gulf
The Grand Gulf Nuclear Station experienced
strainer-blockage events on March 18, 1988,
and July 2, 1989.94 Both events occurred
during testing of the RHR pumps. Pump suction
pressures fell below the in-service inspection
acceptance criteria. The licensee determined
that a clogged strainer that takes suction from
the suppression pool caused the low suction
pressure.

Troian
Debris and problems with the sump screen
were found at the Trojan plant on several
occasions.9 5

1. On July 8, 1989, the licensee of the Trojan
plant discovered numerous items in the
containment sump.

2. On July 14, 1989, after the containment was
supposedly ready to be closed for operation,
an NRC inspector and the licensee found
additional debris.
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Table 9-2 Events Rendering a System Inoperable
Plant Event

Year (fype)q Initiator Debris Consequence Reference

1988 Grand Gulf Inspection Plastic wrap and Clogged RHR strainers. lN-93-3494

(BWR Mark 1ll) other debris. 9_

1989 Grand Gulf Inspection Plastic wrap and Debris could potentially lN-93-344

(BWR Mark Ill) other debns. block ECCS strainers
during LOCA.

1989 Trojan Inspection Numerous debris Debris blocked one IN-89-77"

(PWR Dry) items found in the pump and could
sump. Sections of potentially have blocked
screen missing, other ECCS strainers
damaged, or did during LOCA.
not agree with
drawings. Welding
rod jammed in RHR
pump impeller.

1992 H. B. Robinson Mode 4 hot Small piece of Pumps rendered IN-92-859

(PWR Dry) shutdown plastic blocked in- inoperable and loss of
operations line orifice. Plastic recirculation flow.
surveillance used in a
testing of modification of
safety injection RHR system.
pumps. _ __

1992 Perry Inspection Operational debns Clogged and deformed IN-93-29-7

(BWR Mark Ill) and a coating of strainers. lN-93-344
fine dirt. Water
samples found
fibrous material and
corrosion products.

1992 Point Beach Quarterly test Foam rubber plug. Debris blocked pump IN-92-594

Unit 2 of containment impeller suction. One
(PWR Dry) spray pumps. train of Si piping

rendered inoperable in
recirculation mode.

1993 Perry Several SRVs Glass fibers (from Clogged and deformed IN-93-02' 7

(BWR Mark Ill) were manually temporary cooling strainers IN-93-3494

lifted and RHR filters), corrosion
used for products, dirt, and
suppression misc. debris.
pool cooling

1994 Palisades Inspection Plastic matenal. HPSI and CS system IN-95-06 8

(PWR Dry) pumps declared
inoperable.

1994 Quad Cities Post- Plastic bag and Plugged valve on RHR IN-94-579 9

Unit 1 maintenance other torus cooling system.

(BWR Mark I) test. miscellaneous Pump fouled by metallic
operational debris. debris wrapped around

a vane.

1995 Limerick Unexpected Polymeric fibers RHR Loop A suction IN-95-47"10

Unit I opening of and sludge. strainer (suppression NRCB-95-02 9-1

(BWR Mark II) SRV at 100% pool cooling mode)
power. covered by thin mat of

fibers and sludge. Loop
B to a lesser extent.
Cavitation indicated on
Loop A.

9-3



3. On July 17, 1989, the top sump screen and
portions of the inner sump screen were
found to be missing.

4. On July 19,1989, the NRC identified
additional missing and damaged inner sump
screens.

5. Debris had been found in the Trojan sump
previously during a 1988 outage.

6. In 1980, a welding rod between the impeller
and the casing ring jammed an RHR pump,
clearly demonstrating the safety significance
of loose debris in the containment
emergency sump.

H. B. Robinson
On August 23, 1992, personnel at the H. B.
Robinson plant were performing an operational
surveillance test of the Train-B safety injection
(SI) pump while the reactor was in Mode 4 hot
shutdown. 4 The recirculation flow in this test
was 20% lower than it had been when last
measured on July 12, 1992. The licensee
retested this pump on August 24,1992, and
found no recirculation flow. Then, the licensee
also tested the Train-A SI pump and found its
recirculation flow 10% lower than last measured.
Subsequently, the licensee declared both pumps
inoperable and took the reactor to cold
shutdown. On August 25,1992, the licensee
removed a single piece of plastic about the size
of a nickel from the in-line orifice. The licensee
previously had declared the Train-B SI pump
inoperable after a quarterly in-service inspection
surveillance test measured a recirculation flow of
about 3 gpm rather than the required 35 gpm.
On July 9,1992, the licensee had found debris
obstructing the in-line orifice. The licensee had
subsequently flushed the Train-B SI pump,
verified the recirculation flows as acceptable,
and returned the unit to service believing that all
debris had been removed. However, on August
24, 1992, the licensee found no recirculation
flow.

Perry
Two ECCS suction-strainer clogging events
occurred at the Perry plant04 On May 22, 1992,
debris was found on the suppression pool floor
and on the RHR suction strainers during a
refueling outage inspection. The debris
consisted of general maintenance-type material
and a coating of fine dirt that covered most of
the surface of the strainers and the pool floor.
After cleaning the strainers, it became evident
that both the Train-A and Train-B RHR strainers
were deformed, apparently from excessive

differential pressure. After the licensee cleaned
the suppression pool and replaced the strainers,
another event occurred at the plant in March
1993, where several SRVs were lifted manually
and the RHR was used to cool the suppression
pool. The strainers subsequently were
inspected and were again coated with debris. A
test of the Train-B RHR strainer in the as-found
condition was terminated when the pump
suction pressure dropped to 0. The debris on
the strainers consisted of glass fibers (temporary
drywell cooling filters inadvertently dropped into
the suppression pool), corrosion products, and
other materials filtered from the pool water by
the glass fibers adhering to the strainer
surfaces. 1 2 Fibrous material acted as a filter for
suspended particles, a phenomenon not
previously recognized. This event suggested
that the filtering of small particles, such as
suppression pool corrosion products (sludge), by
the fibrous debris would result in significantly
increased pressure drop across the strainers.

Point Beach Unit 2
On September 28, 1992, during a quarterly test
of the containment spray pumps and valves, the
licensee noted that the discharge pressure for
the Train-A train pump was zero and that the
pump was making an abnormal noise." The
test was stopped and the pump was declared
inoperable. Upon disassembly of the pump, a
foam-rubber plug was found to be blocking the
impeller suction.

Palisades
On April 28, 1994, with the reactor in cold
shutdown, the licensee determined that plastic
material used inside containment could block the
containment sump screens after a design-basis
accident." 8 The licensee declared the high-
pressure safety injection pumps and the
containment spray pumps inoperable.

Quad Cities Unit 1
On July 14, 1994, during a post-maintenance
test of RHR Loop A, test data indicated that the
RHR torus cooling/test return valve was
plugged.99 The shredded remains of a plastic
bag were found within the anti-cavitation trim.
The majority of the material was found lodged
on the suction side of the valve trim. After the
July 14 event, the licensee observed reduced
flow from the RHR Loop C pump. Upon further
investigation, the licensee found a 10-cm-
diameter wire-brush wheel and a piece of metal
wrapped around a vane of the pump.
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Limerick Unit 1
On September 11, 1995, an event occurred at
the Limerick Generating Station, Unit 1 in which
an SRV opened on Unit 1 while it was at 100%
power.'° Before the SRV opened, Limerick had
been running Loop A of the RHR in suppression-
pool cooling mode. The operators initiated a
manual scram in response to the SRV opening
and a second loop (Loop B) of suppression pool
cooling. Approximately 30 min later, fluctuating
motor current and flow were observed on Loop
A. The cause was believed to be cavitation, and
Loop A was secured. Following the event,
inspection by a diver revealed a thin mat of
material covering the strainer of Loop A. The
mat consisted of fibrous material and sludge.
The Loop B strainer had a similar covering but to
a lesser extent. Limerick subsequently removed
about 635 kg of debris from the pool. Similar to
the Perry events, the mat of fibers on the
strainer surface converted the strainer into a
filter, collecting sludge and other material on the
strainer surface.

9.3 Debris-Found-in-Containment
Events

In operating PWR and BWR nuclear power
plants, events have occurred in which debris
was found inside the containment, and that
debris had the potential to impair the operability
of a safety system. These events are listed in
Table 9-3 and summarized below.' The debris
included fibrous material, sludge, dirt, paint
chips, and miscellaneous operational materials.
Even if the debris was not considered sufficient
to render a system inoperable, it could still
contribute to screen blockage following a LOCA.

Haddam Neck
In July 1975, six 55-gal. drums of sludge with
varying amounts of debris were removed from
the ECCS sump.9?1 3 In 1996, five 55-gal. drums
of sludge were removed from the ECCS sump
that included the following miscellaneous debris:
plastic sheeting, nuts, bolts, tie wraps, and
pencils. Discrepancies in the sump-screen
sizing, screen fit-up, and method of attachment
also were discovered.

'The list is not comprehensive; i.e., inspection
reports have noted other less significant discoveries
of minor sources of debris that are not reported
here. 1

3

Surry Units 1 and 2
On June 16, 1988, following a recirculation flow
verification test, loose parts and debris were
found in the containment sump, the recirculation
pumps, and the suction piping. 5 Some of the
items were large enough to have caused
enough pump damage or flow degradation to
render the system inoperable. In addition, some
of the sump screens were found to have gaps,
which could have allowed additional loose
material to enter the sump. One screen section
was found to be missing.

Diablo Canyon Units 1 and 2
In 1989, debris was found in the sumps of both
Unit 1 and Unit 2.Y Further, the sump screens
were not configured in accordance with the
FSAR drawing, and plant inspection
requirements were not sufficient or detailed
enough to assure adequate inspections.

McGuire Unit 1
Loose material discovered in upper containment
before entry into Mode 4.9

North Anna
As part of the steam-generator replacement
program, personnel removed the mirror
insulation from the SGs and discovered that
most of the unqualified silicon aluminum paint
covering the SGs had come loose from the
exterior surfaces and was being supported only
by the insulation jacketing.9 4 The pieces of
paint ranged in size from dust particles to sheets
0.61 m (2 ft) wide. The same paint also had
been used on the pressurizer and was also
loose. The quantity of this coating in
containment was significant-estimated at
1,087 m2 (11,700 ft ). Paint fragments
potentially could have reached the containment
sump during a design-basis accident in which a
pipe breach could have exposed the failed
coating.

Spanish PWR
An inspection of the containment sumps during
an outage surveillance found water in the sump
that was unusually dirty.914 The water was a
result of acceptable leakage during a functional
testing of a three-way valve connecting the
ECCS borated tanks with the containment
sumps. After the water was removed, three of
the four sumps had debris in the bottom below
the suction pipe for the ECCS. A closer
examination of the ECCS suction lines revealed
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Table 9-3 Events With Debris Found Inside Containment

Plant Event
Year (Type) Initiator Debris Consequence Reference

1975 Haddam Neck Inspection Six 55-gal. drums of sludge Debris potentially could GL-98-049 3

(PWR Dry) with varying amounts of block ECCS strainers
other debris removed from during a LOCA.
ECCS sump.

1988 Surry Units 1 Inspection Construction materials and Materials could have GL-98-04913

and 2 debris found in the sump, in rendered system IN-8-779-5

(PWR Sub) cone strainer of recirculation inoperable.
spray system, and in
recirculation pumps.

1989 Diablo Canyon Inspection Debris found in sumps. Debris could potentially GL-98-04913

Units 1 and 2 block ECCS strainers IN-89-779-5

(PWR Dry) during LOCA.

1990 McGuire Unit I Inspection Loose material discovered Material not likely to GL-98-049 13

(PWR Ice) in upper containment have made ECCS
inoperable but debris
could contribute to
potential ECCS strainer
blockage.

1993 North Anna Steam Most of the unqualified Paint fragments IN-93-349 4

(PWR Sub) Generator silicon aluminum paint had potentially could reach
Replacement come loose from SG and sump during a LOCA.

pressurizer and supported
only by insulation jacketing.

1993 Spanish Plant Inspection Unspecified debris (believed ECCS lines taking IN-96-109 -14

(PWR) debris had been there since suction from the sumps
commission-ing), dirty sump were partially blocked.
water, and flow blockage.

1994 Browns Ferry Inspection Cloth-like material. Partial strainer IN-95-0694

Unit 2 blockage, potential for

(BWR Mark I) 25% blockage

1994 LaSalle Unit 1 Inspection Assortment of operational Potentially contribute to IN-94-579-9

(BWR Mark II) debris and sludge. strainer blockage.

1994 River Bend Inspection Miscellaneous operational Potentially contnbute to IN-94-579-9

(BWR Mark Ill) debris and sediments. strainer blockage.
Plastic bag removed from
RHR suction strainer.

1996 Haddam Neck Outage Five 55-gal. drums of sludge Debns could potentially GL-98-049-13

(PWR Dry) Maintenance with varying amounts of block ECCS strainers
other debris removed from during a LOCA.
ECCS sump.

1996 LaSalle Unit 2 Outage Miscellaneous operational Suppression pool debns IN-96-59"'1

(BWR Mark II) suppression debris and sludge. could potentially block
pool ECCS strainers during a
cleaning. LOCA.

1996 Millstone Inspection Pieces of Arcor protective Potential failure of GL-98-049-13

Unit 3 coating and mussel shell recirculation spray heat IN-97-139-'6

(PWR Sub) fragments. Construction exchangers to perform
debris found in recirculation specified safety function
spray system suction lines. because of debris.
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Table 9-3 Events With Debris Found Inside Containment

Plant Event-
Year (Type) Initiator Debris Consequence Reference

1996 Nine Mile Point Inspection Miscellaneous operational Suppression pool debris IN-96-59915

Unit 2 debris, including foam potentially could block
(BWR Mark II) rubber, plastic bags, Tygon ECCS strainers during a

tubing, and hard hats. LOCA.
1996 Vogtle Unit 2 Inspection Loose debris identified Debris could potentially GL-98-049 13

(PWR Dry) inside containment. block ECCS strainers
during LOCA.

1996 Zion Unit 2 Inspection Extensive failure of Debris could potentially IN-97-13816

(PWR Dry) protective coatings. block ECCS strainers
Unqualified coatings during LOCA.
identified. Miscellaneous
debris found throughout
containment

Calvert Cliffs Inspection Unit 2 sump contained 11.3 Debris could contnbute GL-98-049 -13

Units I and 2 kg (25 Ib) of dirt, weld slag, to potential ECCS
(PWR Dry) pebbles, etc. Unit 1 had strainer blockage.

less than 1 lb debris.

D. C. Cook Inspection Fibrous material found in Debns potentially could GL-98-04913
Units I and 2 containments. block ECCS strainers

(PWR Ice) during LOCA.

that two of the four ECCS lines taking suction
from the sumps were partially blocked by debris
and one of those lines had almost half of its flow
area blocked. It is believed that the debris had
been there since the plant was commissioned,
thereby demonstrating a significant failure of the
surveillance program.

Browns Ferry Unit 2
On October 10, 1994, divers discovered
numerous pieces of cloth-like material on
the bottom of the torus and on the ECCS
strainers. 4 The pieces were typically 25 cm2
(4 in.2) in size, but smaller pieces were found,
as well. The material was pieces of absorbent
paper towels that are sometimes used inside the
containment for maintenance and cleaning
purposes. One of the two strainers was found
with about 15% of its surface covered with
debris. If all of the material had been drawn
onto the strainers, about 25% of the strainer
surface area would have been blocked.

LaSalle Unit 1
On April 26 and May 11, 1994, while in a
refueling outage, two dives were made into the
Mark II design suppression pool to clean the
ECCS suction strainers of a small amount of
debris, which caused less than 1% clogging.9-9
The divers found and removed an assortment of
operational debris that included a hard hat, a

pair of anti-contamination coveralls, four lengths
of Tygon tubing ranging in length from about 6 m
(20 ft) to 15.2 m (50 ft), three nuts, a 4.6-m
(15-ft) length of duct tape, four lengths of 1.9-cm
(3.4-in.) hose ranging in length from about 8 m
(20 ft) to 46 m (150 ft), a length of wood
measuring 5 cm by 10 cm (2 in. by 4 in.), and a
flashlight. The divers also noted that sediment
had formed on the floor of the suppression pool
ranging in thickness from 0.3 cm to 5 cm (1/8 to
2 in.). An analysis of a sample of the sediment
showed a filterable solid that consisted of over
99% iron oxide with trace amounts of nickel,
copper, and chrome. The licensee concluded
that the sample contained normal system
corrosion products.

River Bend
On June 13, 1994, a refueling outage inspection
of the ECCS suction strainers and the Mark IlIl
design suppression pool discovered 16 foreign
objects.9 One of these objects, a plastic bag,
was removed from an RHR system suction
strainer. The other objects removed from the
pool included a hammer, a grinder wheel, a
slugging wrench, a socket, a hose clamp, a bolt,
a nut, a step-off pad, two ink pens, an antenna,
a scaffold knuckle, a short length of rope, and
used tape. The licensee also found sediment in
the suppression pool.
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LaSalle Unit 2
The licensee reported on October 16, 1996, that
a significant amount of foreign material had
been found under a layer of rust-particle sludge
during the first thorough cleaning the
suppression pool.915 Foreign material also was
found in several downcomers that included a
rubber mat, a sheet of gasket material, a nylon
bag, and sludge.

Millstone Unit 3
On July 25, 1996, the licensee reported that
about 20 pieces of Arcor were found in the
Train-A recirculation spray heat exchangers.' 3

9-16 Arcor is a coating material that was applied
to the inside surfaces of the service water
system piping. The Arcor chips were apparently
swept into the recirculation spray heat
exchanger channel during testing. The licensee
also found 40 to 50 mussel shell fragments in
the heat exchangers. The Arcor chips and
mussel fragments were relatively small (on the
order of 1 in.2 The licensee determined that the
debris could have prevented the heat
exchangers from performing their specified
safety function. In addition, construction debris
was discovered in all four containment
recirculation spray system (RSS) suction lines.
In addition, gaps were found in the RSS sump
cover plates.

Nine Mile Point Unit 2
On October 17, 1996, the licensee reported that
a significant amount of debris was found during
inspection of the drwell vent downcomers to the
suppression pool.9> 5 Almost all of the debris
was found in 17 of the downcomers. Some of
the debris was floating on the water inside the
downcomers and consisted of foam rubber
cleanliness covers, plastic bags, Tygon tubing,
and hard hats. Cleanliness covers were
installed over the openings into seven of the
downcomers located directly under the reactor
vessel. The suppression pool had been cleaned
during the previous refueling outage.

Voatle Unit 2
In 1996, NRC inspectors identified loose debris
in readily accessible areas inside the
containment that had the potential to block
emergency sump screens during accident
conditions.9. 13 An evaluation by the licensee
concluded that the RHR pump would not have
had adequate NPSH because of the debris.

Zion Unit 2
In November 1996, the licensee found that 40%
to 50% of the concrete floor coatings showed
extensive failure as a result of mechanical
damage and wear, and that about 5% of the
coating associated with the concrete wall and
liner plate was degraded.- 16 Unqualified
coatings had been applied to various surfaces,
including instrument racks, struts, charcoal filter
housings, valve bodies, and piping. Although
adhesion tests showed acceptable adhesion
strength in most of the locations tested, one
test conducted on an unqualified coating system
did not satisfy the acceptance criteria.
Documentation was not found for over-coating
(i.e., touch-up work) that had been applied to
many of the liner plates and concrete wall
surfaces.

Calvert Cliffs Units 1 and 2
An inspection of the Unit 2 sump found 11.3 kg
(25 lb) of debris that consisted of dirt, weld slag,

9.13
pebbles, etc. An inspection of the Unit 1
sump found less than 1 lb of debris. The debris
had the potential to cause minor damage to the
ECCS pumps.

D. C. Cook Units 1 and 2
Enough fibrous material was found in both Unit 1
and Unit 2 containments to potentially cause
excessive blockage of the recirculation sump
screens during the recirculation phase of a
LOCA.9'13

9.4 Inadequate Maintenance Leading
to Potential Sources of Debris

In operating PWR and BWR nuclear power
plants, events have occurred in which
inadequate maintenance conditions inside
containments could potentially form significant
sources of debris. These events are listed in
Table 94 and summarized below.2 In general,
these events involved unqualified protective
coatings and materials.

North Anna Units 1 and 2
In 1984, unqualified paint was identified on
galvanized ductwork.9. 3

2The list is not comprehensive; i.e., inspection reports
have noted other less significant discovenes of
inadequate maintenance potentially leading to
sources of debris that are not reported here.9.13
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Table 9-4 Events of Inadequate Maintenance Potentially Leading to Sources of Debris
Plant Event

Year (Type) Initiator Debris Consequence Reference
1984 North Anna Inspection Unqualified coatings Debris could potentially GL-98-049-13

Units I and 2 identified block ECCS strainers
(PWR Sub) during LOCA.

1988 Susquehanna Inspection Extensive Debris could potentially IN-88-289-17

Unit 2 delamination of block ECCS strainers
(BWR Mark II) aluminum foil during LOCA.

jacketing fiberglass
insulation.

1993 Sequoyah Inspection Unqualified coatings Debris could potentially GL-98-049-13

Units I and 2 identified block ECCS strainers IN-97-13" 16

(PWR Ice) during LOCA.
1994 Browns Ferry Units Inspection Unqualified coatings Debris could contribute to GL-98-049-13

1, 2, & 3 identified potential ECCS strainer
(BWR Mark I) blockage.

1995 Indian Point Inspection Failure of protective Debris could potentially IN-97-139r-16
Unit 2 coatings. Unqualified block ECCS strainers GL-98-049-13

(PWR Dry) coatings identified. during LOCA.
1997 Clinton Inspection Unqualified coatings Debris could potentially GL-98_049-13

(BWR Mark ll) identified block ECCS strainers
during LOCA.

1997 Millstone Unit 1 Inspection Unqualified coatings Debris could potentially GL-98-049-13

(BWR Mark I) identified block ECCS strainers IN-88-289-17

during LOCA.
1997 Sequoyah Units 1 Inspection Oil cloth introduced Potential to block one or GL-98-049-13

(PWR Ice) into containment. both refueling drains.

Susauehanna Unit 2
On March 14, 1988, during a refueling outage
inspection, the licensee observed and reported
extensive delamination of the aluminum foil
coating on the surface of the fiberglass
insulation used on valve bodies and pipe
hangers and in other areas that are awkward or
difficult to insulate.9- 17 The licensee was
concerned that this deterioration of drywell
insulation could form debris that potentially could
block the ECCS strainers during a LOCA. The
licensee estimated that 50% of up to 5000 ft2 of
this insulation had undergone some
degradation. The aluminum foil covering was 1-
mil thick and was bonded to the outer covering
of Alpha Maritex fiberglass cloth that covered
Temp-Mat insulation.

Sequovah Units I and 2
On October 18, 1993, the licensee reported
unidentified coatings were used on the exterior
surfaces of reactor coolant pump motor support

9-13 9-16structures. These structures are all

located within the containment sump 4zone-of-
influences at both units. The design-basis limit
for unqualified coatings inside the containment
had been exceeded. Then, during a shutdown
on March 22, 1997, an oil cloth was introduced
into containment. If it had come free, it could
have blocked one or both refueling drains so
that water in the upper containment might not
have flowed freely to the lower level of
containment, where the sump is located.

Browns Ferry Units 1. 2. and 3
Unqualified coatings were identified on the
T-quenchers in the suppression pool.9 -13

Indian Point Unit 2
On March 10, 1995, the licensee reported that
paint was peeling from the containment floor.
The paint had been applied improperly. 9- 16 The
factors contributing to the delamination of the
paint were: (1) the paint thickness exceeded the
manufacturer's specifications by up to twice the
allowed thickness; (2) there was excessive paint
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shrinkage caused by use of too much paint
thinner; (3) the surface had not been cleaned
and prepared properly before the paint was
applied; and (4) appropriate inspection and
documentation requirements were not
implemented.

Clinton
On July 15, 1997, the licensee reported that a
significant quantity of degraded protective
coating was removed from the containment.' 3

Significant degradation occurred in the wetwell,
and some degradation occurred in the drywell.
The licensee stated that because of the
indeterminate condition of these degraded
coatings, reasonable assurance could not be
given that the coatings would not disbond from
their substrates enough to clog the ECCS
suction strainers during accident conditions.

Millstone Unit I
On April 16, 1997, the licensee reported that
most of coating work inside the suppression pool
torus was unqualified. The licensee stated that
a number of different coating materials had been
used inside the torus, but the locations and
extent of various coating systems were unclear.
The operability of the low-pressure coolant
injection and core spray systems could be
affected.' 3

9.5 Sump-Screen Inadequacies

In operating PWR and BWR nuclear power
plants, events have occurred in which defects in
the integrity of the sump screens were found.
These defects could have caused a potential
failure to adequately filter the ECCS water
source that could result in degradation and
eventual loss of ECCS function as a result of
damaged pumps or clogged flow pathways.
These events are listed in Table 9-5 and
summarized below.3

Milestone Unit 1
In 1988, when the criteria of RG 1.82 Revision 1
were applied to plant safety analyses, it was
determined that the existing suction strainers
were too small.? 3 Strainers were replaced with
larger strainers.

Three Mile Island Unit I
In 1990, holes were discovered in the top of the
sump screen cage that were attributed to a
modification of the sump access hatches.Y3

These breaches represented a potential failure
to adequately filter the ECCS water source that
could result in degradation and eventual loss of
ECCS function as a result of damaged pumps or
clogged flow pathways.

Arkansas Nuclear One Unit I
On October 1, 1993, personnel found several
breaches in the integrity of the containment
sump.9 18 These breaches included the
following:

1. 22 semicircular holes (scuppers)
approximately 15.2 cm (6 in.) in diameter at
the base of the sump curb (shown in original
drawings).

2. Four conduit penetrations in the sump
screen, totaling approximately 930 cm2

(1 ft2 ).

3. A small conduit penetration in the sump
curb, approximately 2.5 cm (1 in.) in
diameter.

4. Two defects in the screen mesh covering
the sump.
a. An L-shaped cut approximately 30.5 cm

by 35.6 cm (12 in. by 14 in.).
b. A straight cut approximately 30.5 cm

(12 in.) long.
5. Drain headers ranging in size from

approximately 5.1 cm to 25.4 cm (2 in. by
10 in.) that lacked protective screen
material.

These breaches represented a potential failure
to adequately filter the ECCS water source,
which could result in degradation and eventual
loss of ECCS function as a result of damaged
pumps or clogged flow pathways.

Arkansas Nuclear One Unit 2
In 1993, seven unscreened holes were
discovered in masonry grout below the screen
assembly of ECCS sump.' 18 These breaches
represented a potential failure to adequately
filter the ECCS water source, which could result
in degradation and possible eventual loss of
both trains of HPSI and containment spray.

3The list is not comprehensive; i.e., inspection reports
have noted other, less significant discoveries of
sump screen inadequacies that are not reported
here. 9'3

San Onofre Unit 1
In 1993, an irregular annular gap was found that
surrounded a low-temperature overpressure
discharge line that penetrated a horizontal steel
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Table 9-5 Events Where Inadequacies Found In Sump Screens

Plant Event Screen
Year (Type) Initiator Condition Consequence Reference

1988 Millstone Safety Existing suction Potential screen GL-98-04'13

Unit I Analysis strainers too small blockage due to
(BWR Mark I) when criteria of RG accumulation of

1.82, Rev. 1 applied. debns.

1990 Three Mile Island Inspection Modification of sump Potential debris GL-98-o49-13

Unit I access hatches left bypass of the sump

(PWR Dry) holes in top of sump screens and
screen cage. subsequent potential

damage to pumps or
clogged spray
nozzles.

1993 Arkansas Inspection Several breaches Potential debris IN-89-77 Sup. 19-18

Nuclear One found in sump bypass of the sump

Unit 1 screens. screens and

(PWR Dry) subsequent potential
degradation or even
loss of ECCS function.

1993 Arkansas Inspection Seven unscreened Potential debns GL-98-049-13

Nuclear One holes found in bypass of the sump IN-89-77 Sup. 1'18

Unit 2 masonry grout below screens and
(PWR Dry) screen assembly of subsequent potential

ECCS sump. degradation of both
trains of HPSI and
containment spray.

1993 San Onofre Inspection Irregular annular gap Potential debris GL-98-049-13

Units I and 2 surrounding low- bypass of the sump
temperature over- screens and
pressure discharge subsequent potential
line penetrating degradation or even
horizontal steel cover loss of ECCS function.
plate.

1993 Vermont Yankee Safety LPCS suction Potential loss of GL-98-049-13

(BWR Mark I) Analysis strainers smaller than NPSH margin on
assumed in NPSH LPCS during accident
calculations. Existing conditions.
NPSH calculations
invalid.

1994 South Texas Inspection Sump-screen Potential debris GL-98-04913

Units 1 and 2 openings from initial bypass of the sump

WR D construction screens and
(PW ry)discovered. subsequent potential

degradation of ECCS
function.

1996 Watts Bar Inspection Containment sump Potential impairment GL-98-04913

Unit I trash-screen door of sump screen

(PWR Ice) found open with plant function.
in Mode 4 and ECCS
required to be
operable.

1996 Millstone Inspection Containment sump Debris larger than GL-98-049 13

Unit 2 screens incorrectly analyzed could pass

(PWR Dry) constructed. through screens.
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cover plate. The discharge line was an 8-in.
(20.3-cm) diameter pipe, and the gap was
approximately 6 in. (15.2 cm) wide, resulting in
an area of approximately 1.8 ft2 (0.18 mi2) that
would not filter debris. This gap represented a
potential failure to adequately filter the ECCS
water source, which that could result in
degradation and eventual loss of ECCS function
as a result of damaged pumps or clogged flow
pathways. 3

Vermont Yankee
In 1993, the LPCS suction strainers were found
to be smaller than was assumed for the NPSH
calculations, rendering those calculations
invalid.' 3 These NPSH calculations were
performed in 1986 following an insulation
changeout. The strainers were replaced with
larger strainers.

South Texas Units 1 and 2
In 1994, sump-screen openings from initial
construction were discovered. 13 A frame plate
was warped at the floor, creating several
openings approximately 1.6 cm (5/8 in.) wide.
Additional gaps 0.6 cm (1/4 in.) wide were
found.

Watts Bar Unit 1
In 1996, the operator observed that the
containment sump screen door was open during
Mode 4 operation when the ECCS was required
to be operable.913

Millstone Unit 2
In 1996, it was discovered that the containment
sump screens were constructed incorrectly and
that debris larger than the size assumed in
previous analyses could pass through the
ECCS5.913
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10.0 SUMMARY AND CONCLUSIONS

10.1 Summary of Knowledge Base

In the event of a LOCA within the containment of

a LWR, piping thermal insulation and other
materials in the vicinity of the break will be
dislodged by the pipe break and ensuing
steam/water-jet impingement. A fraction of this
fragmented and dislodged insulation and other
materials, such as paint chips, paint particulates,
and concrete dust, will be transported to the
containment floor by the steam/water flows
induced by the break and the containment
sprays. Some of this debris eventually will be
transported to and accumulated on the
recirculation pump suction sump screens in
PWR containments or the pump suction
strainers in BWR containments. Debris
accumulation on the sump screens or strainers
could challenge the plant's capability to provide
adequate, long-term cooling water to the ECCS
and the CSS pumps.

This report describes the different analytical and
experimental approaches that have been used
to assess the aspects of sump and strainer
blockage and identify the strengths, limitations,
important parameters and plant features, and
appropriateness of the different approaches.
The report also discusses significant U.S. NRC
regulatory actions regarding resolution of the
issue. The report is designed to serve as a
reference for plant-specific analyses with regard
to whether the sump or strainer would perform
its function without preventing the operation of
the ECCS pumps.

This report is intended primarily for analyzing the
PWR sump-screen clogging issue because the
BWR issue had been resolved at the time this
report was written. Nevertheless, the report also
will be valuable in the review of any additional
analyses for BWR plants, as well. A majority of
the strainer-blockage research to date was
conducted specifically for the resolution of the
BWR issue; however, most of this research is
also directly applicable to the resolution of the
PWR issue. Therefore, both BWR and PWR
research and analytical approaches are
discussed and the applicability of that research,
i.e., PWR vs BWR, is stated.

Section 1 of this report provides background
information regarding the PWR containment-
sump and the BWR suction-strainer debris-
clogging issues. This background information
includes a brief historical overview of the
resolution of the BWR issue with a lead-in to the
PWR issue, a description of the safety concern
relative to PWRs, the criteria for evaluating
sump failure, descriptions of postulated
accidents, descriptions of the relevant plant
features that influence accident progression, and
a discussion of the regulatory considerations.

The purpose of the sump screen, and the
associated trash rack, is to prevent debris that
may damage or clog components downstream
of the sump from entering the ECCS and RCS.
Actual sump designs vary significantly among
PWR containments, but all share similar
geometric features. Sump screens can be
grouped according to their submergence, i.e.,
many sump screens would be submerged
completely in the containment sump pool when
the ECCS switched over to recirculation, but
others would be submerged only partially.
Debris accumulation on a completely
submerged sump screen would create a
pressure drop across that screen that potentially
could cause a loss of NPSH margin. Debris
accumulation on a partially submerged sump
screen would also create a pressure drop across
the submerged portion of the screen, but this
pressure drop would cause the downstream
water level to drop below the upstream water
level. If the pressure drop were severe enough,
the flow to the pump would be insufficient to
supply the pump. The maximum hydrostatic
head across a partially submerged sump screen
would be approximately half the height of the
sump pool. Debris accumulation potentially
could block the flow of water to the sump screen
at locations other than the screen itself, such as
at narrow flow pathways or floor drains from the
upper levels or the refueling pool drains. Such
blockage could lower the water level in the sump
pool, thereby decreasing the hydrostatic head
upstream of the screen. All such considerations
are plant-specific.

The knowledge base report is organized in the
same order that an evaluation of the potential of
sump screen blockage would be performed.
These steps are as follows.
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* The identification of sources of potential
debris (Section 2).

* The potential generation of insulation debris
by the effluences from a postulated LOCA
(Section 3).

* The potential transport of the LOCA-
generated debris to the containment sump
pool (Section 4).

* The potential transport of debris within the
sump pool to the recirculation sump screen
(Section 5).

* The potential accumulation of the debris on
the sump screen, specifically, the uniformity
and composition of the bed of debris
(Section 6).

* The potential head loss associated with the
accumulated debris (Section 7).

The knowledge base report also summarizes the
resolution options that were available to the
BWR plant licensees to resolve the BWR
suction-strainer-clogging issue (Section 8). This
section also discusses the advanced features of
the new replacement strainers that were
implemented into the BWR plants so that the
strainers can accumulate the potential debris
loading without the associated debris-bed head
loss becoming excessive. This new technology
is available for the resolution of the PWR sump-
screen clogging issue as well.

A number of events have occurred at plants,
both in the U.S. and abroad, that are relevant to
the PWR sump-screen clogging issue (Section
9). Two events occurred in which insulation
debris was generated as a result of a LOCA. A
number of events have occurred in which debris
rendered a system inoperable, debris was found
in the containment, inadequate maintenance
could have led to potential sources of debris,
and inadequacies in a sump screen were
discovered.

Key aspects of these knowledge base subjects
are discussed in the following paragraphs.

Debris Sources

Sources of debris that could contribute to the
potential clogging of a strainer or sump screen
include LOCA-generated debris, exposure-
generated debris, and operational debris. All of
these sources of debris should be considered.
The break effluent following a LOCA could
generate substantial quantities of debris within

the containment, mostly in the vicinity of the
break. The majority of the destruction to
materials near the break would occur within the
region usually designated as the zone of
influence (ZOI). The size of the ZOI, which
usually is considered spherical but could be
conical, depends on the type of material, i.e., the
region of destruction extends further out for
some materials than for others. However, some
debris could be generated well beyond the ZOI.
As the containment pressurizes, equipment
covers, loose coatings, etc., could be blown free
to become debris, but the debris generated
within the ZOI would likely be the largest source
of transportable debris. Sources of debris within
the ZOI generally include insulation materials
and their respective jacketing, fire-barrier
materials, surface coatings, and the erosion of
concrete. The dominant source of debris within
the ZOI would be destroyed or damaged
insulation. There are several types of insulation
materials, as well as manufacturers of insulation,
and each has unique destruction and transport
characteristics. The types of insulation include
fibrous insulations, RMI, particulate insulations,
and foam insulations.

When the primary system depressurization
completes, the materials inside the containment
would be subject to high temperatures and
humidity resulting from depressurization. In
addition, the containment sprays, if activated,
would impact and wet surfaces throughout the
containment continuously. Prolonged exposure
to the LOCA environment, both during
depressurization and afterward, could cause
some materials to fail, thereby generating
additional debris. One concern is that protective
coatings within containments would have the
potential to detach from the surfaces where they
had been applied as a result of prolonged
exposure to a LOCA environment. Qualified
protective coatings are expected to be capable
of adhering to their substrate during a design-
basis LOCA (except coatings directly impacted
by the break jet), unless those coatings have
received extensive irradiation. Coatings, even
qualified coatings, that have been subjected to
irradiation of 10 rads, even when they were
applied properly, exhibited profound blistering,
leading to disbandment of a near-surface
coating layer when exposed to the elevated
temperatures and moisture conditions within the
range of design-basis LOCA conditions. Not all
coatings inside the containment are qualified,
and therefore, the amount of unqualified
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coatings must be controlled because the
unqualified coatings are assumed to detach from
their substrates during a design-basis LOCA.
Besides coating systems, the LOCA
environment, especially with the containment
sprays operating, could cause failure of the
adhesive used to permanently attach tags or
labels to walls and equipment. Exposure to the
LOCA environment likely would cause oxidation
of unpainted metallic surfaces that could
generate transportable particulate debris. In
addition to generating certain types of debris,
exposure to the LOCA environment can degrade
previously generated debris further.

Operational debris is debris formed from the
operational erosion of containment materials or
from materials that normally would not be left
inside the containment during operation.
Examples of operational debris that has been
found inside containments include dirt and dust,
rust, cloth and plastic products, tools, and
temporary air filters. Good general
housekeeping programs are needed to limit
such debris.

Debris Generation

The hydrodynamic forces created during a
postulated LOCA in a PWR would damage or
destroy surrounding insulation, creating debris
that subsequently could transport to the
containment sump. Analysis has indicated
dynamic (shock) forces and mechanical erosion
caused by impingement of the steam/water jet
emerging from the broken pipe on neighboring
pipe insulation, equipment coatings, and other
structures would be the dominant mechanisms
for LOCA-generated debris. The blast effects of
a shock wave expanding away from an RCS
pipe break would cause the initial insulation
destruction (unless the break opened slowly
enough to preclude the development of a shock
wave); however, the strength of the shock wave
would decay rapidly as the wave expanded
away from the break plane. After the shock
wave passes, shear forces and consequential
erosion of piping insulation, paint, coatings, and
other materials in the wake of the break jet result
in additional debris generation.

Unobstructed, the shock wave would expand
away from the break in a spherical pattern, and
the steam/water jet would expand away from the
break plane in the shape of a cone. However,
for typical candidate break locations in a typical

PWR containment, the piping congestion,
containment structures, and other obstacles
would reflect expansion waves and redirect the
jet flow, thereby breaking up the jet and possibly
dissipating some of its energy. In addition, the
broken pipes also could be in motion following
the break, and the effluences from the two
broken ends could impinge on each other. The
resulting expansion of the jet most likely would
be rather complex, and as varied as the piping
configurations within the plants and the types of
break and flow conditions. The pressure
distribution within an unobstructed conical jet
has been characterized experimentally and
analytically with reasonable accuracy but not for
a complex obstructed break flow pattern.
ANSI/ANS-58.2-1988 describes an analytical
method for evaluating the geometry of a freely
expanding jet from its initial jet core to the
equilibration with ambient conditions, including
the intermediate radial isentropic expansion.
The generation of debris also would be complex
and varied. The generation of insulation debris
depends on the location and orientation of the
insulation relative to the break, the type of
insulation, and whether the insulation is
protected by a jacket or installed with banding,
as well. For example, an insulation jacket with
its seam oriented more toward the jet flow would
be much more easily separated than if its seam
were oriented on the opposite side of the pipe
from the jet.

Analytical methods have been devised to
characterize a three-dimensional region of
insulation damage, which is referred to as the
ZOI. These methods attempt to correlate the
energy contained in the steam/water jet to a
region in space within which jet pressure would
be large enough to cause damage to various
types of insulation material. The volume of
insulation that would be damaged depends on
the size of the ZOI, and the severity of damage
to the insulation would decrease as the jet
pressure dissipates. Depending on the specific
modeling assumptions, the shape of the ZOI
could be either conical or spherical.

The minimum (threshold) jet pressure that would
cause damage to a particular insulation, referred
to as the damage pressure, has been
determined experimentally for a number of
insulation types and methods of installation.
The damage pressure also depends on whether
the insulation is jacketed, the type of jacket (and
bands), and the orientation of the jacket seams.
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The insulation jacket may provide some
protection to the insulation, which would be
reflected by an increase in the pressure needed
to cause damage. The orientation of the jacket
seam relative to the jet has been found to
profoundly affect the damage pressure in some
cases. Another method for expressing the
threshold for damage is to correlate the distance
from the break to where the jet stagnation
pressure drops below the damage pressure.
(This distance would actually be a three-
dimensional envelope.) The thermodynamic
state of the break effluent, i.e., steam,
steam/water, or water, has been found to have
an important effect on the rate at which jet
pressure decays with distance from the break
plane and the extent to which the jet expands in
the radial direction. The threshold distance
(envelope) represents the maximum distance
away from the break plane at which an
insulation blanket or cassette has been
observed in controlled experiments to be
damaged, i.e., eroded, fragmented, or
dislodged. Inside this distance, the insulation
closest to the jet generally would be more
damaged, whereas the insulation nearer the
edge of the pressure envelope would be less
damaged. Beyond this distance, the insulation
would remain intact and undamaged. In reality,
the damage to insulation within the ZOI could be
rather chaotic because the jet would impact
insulation at a variety of seam and pipe
orientations. Insulation closer to the jet but with
its jacket seam opposite the jet might survive,
whereas insulation further out was destroyed
because its seam was oriented toward the jet.
Because the distance to the threshold damage
pressure is dependent on the size of the break,
the threshold distance frequently is correlated in
terms of the diameter of the break, i.e., the
distance divided by the break or pipe diameter,
expressed as the number of UD.

Debris generation testing generally has been
unobstructed; i.e., the break jet expanded
uniformly in two dimensions, axial and radial,
without impacting a significant obstacle. The
unobstructed geometry provided the means of
measuring and/or analytically estimating jet
pressures accurately enough to determine the
damage pressure for the test specimen. During
a series of tests, a test specimen (of the
insulation type being tested) would be placed at
an increasing distance until a test specimen was
not damaged, thus bracketing the threshold
damage distance. When debris-generation

testing was conducted using two-phase
steam/water break-flow jets, the damage
pressures were somewhat lower than when the
tests were conducted using air jets.

Rather than attempting to model the complex jet
deflections and pipe motions, which would be
different for each break scenario, the analytical
approach generally used to simulate typical
obstructed jet expansion is to assume a
spherical expansion of the jet from the break
location in an attempt to account for the effects
of jet deflections and pipe motion. This
approach transforms the total energy within the
idealized conical jet model into an equivalent
sphere surrounding the break location. The
volume (break-size- and fluid-dependent) within
a particular conical isobar of the idealized jet
model is used to determine the radius of the
equivalent sphere, where the isobar
corresponds to the threshold damage pressure
for the insulation of interest. After the radius of
the equivalent sphere for a particular break and
insulation type is determined, the analysis must
determine the quantities of insulation located
within this volume (ZOI), which represents the
volume of damaged insulation or insulation
debris. Computer programs have been
developed using the equivalent-sphere method
to systematically assess the insulation inside the
ZOI for all potential break locations within
containment. The systematic analysis provides
a spectrum of potential insulation debris
volumes by insulation type, which can be used
to determine a screen size capable of handling
the potential debris load to the recirculation
sump screens.

The extent of damage to the ZOI insulation, i.e.,
the characteristics of the debris, is also very
important. This damage would range from
debris that consisted of individual fibers,
particles, or small metallic shreds to nearly intact
insulation blankets still attached to piping. The
finer debris would be much more transportable
to the recirculation sump screens than the
coarser debris. Here, the equivalent sphere
volume may be subdivided into a number of
discrete intervals (spherical shells) in which the
extent of damage for each interval becomes less
severe from the center outward. The insulation
in the inner interval likely would be nearly
completely degraded into finer debris, whereas
the outer interval would be only partially
damaged. The integration of the damage over
the intervals would provide an estimate of the
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debris-size distribution that would be used by
the transport calculations. These estimates
should be based on available debris'ge'neration
data. For example, when an LDFG insulation
blanket was completely destroyed during NRC-
sponsored air-jet debris-transport tests, from
15 to 25% of the original blanket insulation mass
was debris in the form of very fine and very
transportable fibrous debris. The transport
characteristics of debris are extremely
dependent on the debris-size distribution, and
the transport of each size grouping or type
should be analyzed separately.

Debris Transport to Containment Sump Pool

The transport of insulation debris within the
containment from the locations of origin down to
the containment sump pool would be first a
result of the effluences from a high-energy pipe
break that would not only destroy insulation near
the break, but also would transport that debris
throughout the containment (airborne debris
transport). If the break effluences were to
pressurize the containment sufficiently to
activate the CSS to suppress further
pressurization, the transport of insulation debris
also would be driven by the drainage of the
spray water from the spray heads to the
recirculation sump (washdown debris transport).
The transport of debris within a PWR would be
influenced both by the spectrum of physical
processes and phenomena and by the features
of a particular containment design. Because of
the violent nature of flows following a LOCA,
insulation destruction and subsequent debris
transport are rather chaotic processes.

Many important debris-transport parameters will
be dependent on the postulated accident
scenario. Both the LOCA break size and its
location influence the debris transport by
determining the flow dynamics within the
containment, the timing of the accident
sequence, the activation of the containment
sprays, and the pumping flow rate from the
sump. A number of features in nuclear power
plant containments, including engineered safety
features and associated plant operating
procedures, would affect the transport of
insulation debris significantly. In PWR
containments, break effluences would tend to
flow generally up toward the large free volume of
the containment dome, carrying debris with the
flow and thus generally away from the ECCS
sump screens. Entrained debris would be

deposited inertially, in part, on gratings, piping,
beams, ice condenser banks (in ice condenser
plants), etc. Debris would settle gravitationally
from the upper dome atmosphere as flow
velocities and turbulence dissipated. If it were
not for the containment sprays washing the
debris back down toward the recirculation sump,
the debris carried aloft likely would remain in the
higher reaches of the containment. The
complete range of thermal-hydraulic and
physical processes affect the transport of
insulation debris. The dominant debris-capture
mechanism in rapidly moving flow likely would
be inertial capture, but in slower flows, the
dominant process likely would be gravitational
settling.

After the airborne debris is dispersed throughout
the containment, the subsequent washdown of
that debris to the recirculation sump would be
determined primarily by the design of the
containment spray system including the
drainage of the sprayed water. First, the spray
droplets would tend to sweep any remaining
airborne debris out of the containment
atmosphere. Then the falling droplets would
wash substantial portions of the debris off
surfaces; structures, equipment, walls, floors,
etc. As the drainage water worked its way
downward, entrained debris would move along
with the flow.

The locations where spray drainage enters the
sump pool relative to the location of the
recirculation sump are important. Debris
transport within the sump pool depends upon a
number of plant features, including the lower
compartment geometry, that define the shape
and depth of the sump pool, such as the open
floor area, ledges, structures, and obstacles
within the pool. In addition, the relative locations
of the sump, LOCA break, and drainage paths
from the upper reaches of the compartment to
the sump pool are important in determining pool
turbulence, which in turn determines whether
debris can settle in the pool.

Transport of debris is strongly dependent on the
characteristics of the debris formed, and several
distinct types of insulation are used in PWR
plants. These characteristics include the types
of debris (insulation type, coatings, dust, etc.)
and the size distribution and form of the debris.
Each type of debris has its own set of physical
properties, such as density; buoyancy when dry,
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partially wet, or fully saturated; and settling
velocities in water.

The U.S. NRC, U.S. industry, and international
organizations have conducted tests and
analyses to examine different aspects of
airborne and washdown debris transport within
nuclear power plant containments and
developed methodologies for performing
analyses to estimate the transport of debris.
Although much of this information was obtained
specifically to support the resolution of the BWR
strainer-blockage issue, that information is
directly applicable to the PWR sump screen
blockage issue, for the most part.

Analytical work has demonstrated clearly that
available computer codes do not have the
capability to realistically simulate debris
transport except for limited transport conditions.
Specifically, the aerosol transport models of
these codes do not usually have inertial
impaction models that can be applied universally
to containments. An exception would be the
transport of small debris at relatively slow flow
velocities, where the debris deposition was
primarily a result of gravitational settling. There
are computer codes, such as the MELCOR
code, that can characterize thermal-hydraulic
conditions within the containment. Alternative
methods have been devised to estimate
airborne and washdown debris by decomposing
the problem such that the individual parts of the
overall transport problem can be resolved by
adapting experimental data tempered with
engineering judgment. This approach works
best where there are relatively few flow
pathways and substantial inertial capture along
those pathways by structures such as gratings
or by sharp bends in the flow.

Debris Transport in Containment Sump Pool

Debris transported to the containment sump, by
airborne transport (entrained in the break flow)
or by containment spray washdown transport,
would reside in the water pool that would
accumulate in the sump. The transport of debris
within a PWR containment sump pool would be
influenced by a variety of physical processes
and phenomena and by the features of a
particular containment design. Many aspects of
a PWR accident scenario are important in
estimating debris transport in the containment
floor sump pool; these include: the break
location, orientation, and flow rate, the

containment spray drainage locations and flow
rates, the recirculation sump location, flow rate,
and the activation time, and the sump pool
geometric shape, depth, and temperature.
Fundamental to analyzing the potential for
debris transport in a containment pool are the
types, sizes, and quantities of debris that could
be in the pool as well as where and when the
debris entered the pool.

The transport of debris within the sump pool
would occur in two very different phases. The
first pool transport phase would occur as the
sump pool forms where debris that was
deposited onto the sump floor during and shortly
after RCS depressurization before sump-pool
formation (and also before ECCS switchover to
the recirculation mode) would be transported
with the fill-up water flows. During the fill-up
phase, debris on the floor would transport as the
initially shallow and fast flowing water spreads
out across the sump floor. In this mode, debris
could be transported a substantial distance from
its initial deposition location; the transport could
either move debris toward the recirculation sump
or away from the recirculation sump. The
second pool transport phase generally covers
the period after the ECCS has switched over to
recirculation where the pool flow conditions are
at or near quasi-steady state.

The complex movement of water through the
sump pool would be unique for each postulated
accident sequence and for each plant. The
geometry of the sump pool affects the
complexity of the water movement and that
geometry is plant-specific. Pool turbulence
affects whether or not debris can settle and
whether it will further disintegrate. Pool
turbulence depends upon the entrance of water
into the pool; here the plummeting of break
overflow water would be the primary source of
turbulence. The turbulence therefore depends
upon the location, orientation, and elevation of
the break, and on the surrounding congestion of
piping and equipment below the break. It is
known that pool turbulence can affect the further
disintegration of certain types of debris;
disintegration due to turbulence has been
observed for LDFG and calcium silicate debris.
This type of disintegration, essentially an erosion
process, forms very fine debris that remains
suspended in the water even at relatively low
levels of turbulence, hence virtually complete
transport to the sump screens.
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Water from containment spray drainage would
enter the sump pool at multiple locations and the
drainage pattern would be very plant specific.
The locations of the incoming water relative to
the location of the recirculation sump would be
especially important. The relative locations
determine the flow patterns, which in turn
determine whether or not or how many
significant quiescent regions would exist in the
pool. Debris within these quiescent regions
could well remain in those regions. If the
incoming water entered the sump pool well away
from the recirculation sump inlet, then the water
flow could sweep a majority of the pool, thereby
enhancing debris transport. Conversely, the
incoming water could be near the recirculation
inlet, so that much of the sump pool was
relatively quiescent. The depth of the pool
strongly affects debris transport primarily
because the depth affects flow velocities and
turbulence. The temperature of the water
affects the water density and viscosity, the rate
at which water penetrates dry insulation debris,
and could affect debris disintegration rates.

Geometric features such as compartmentaliza-
tion, free flowing annuli, flow restrictions, and
obstacles all affect the patterns of flow. There
would be areas of relative high flow velocity and
areas of relatively slow or quiescent flow
velocities. Debris would readily transport in the
high velocity areas but not in the low velocity
areas. Further, the shape of the sump pool
would contribute to the creation of rotational
flows (vortices) where debris can be trapped
within the vortex. The flow would accelerate
through narrow pathways, such as an entrance
into an interior compartment, and then de-
accelerate beyond the entrance as the flow
expands. Debris that did not transport to the
sump screen would have been effectively
trapped within a quiescent region, such as an
inner compartment that does not receive
significant flow; effectively trapped inside a
vortex; or stopped behind an obstacle.
Obstacles to debris transport on the floor of the
sump pool include the variety of equipment
located there and curbs deliberately placed
along the floor in front of the sump screen to
retard the transport of debris to the sump
screen. These obstacles could stop tumbling
debris from reaching the screen unless the local
flow velocities were sufficient to lift the piece of
debris over or around the obstacle.

The analysis of debris transport test results has
identified many processes and phenomena that
could significantly affect the transport of debris
within the sump pool. The processes include
both the bulk flow processes and the localized
processes such as pulses of turbulence. Local
flow turbulence can cause a piece of debris to
move whereas the bulk flow velocity might not
be sufficient for that movement. Testing has
effectively demonstrated that turbulence can
keep debris suspended in the pool, enhance the
transport of debris along the floor of the pool,
and cause additional disintegration of the debris.

Once the pool becomes sufficiently established
to suspend debris, that suspended debris would
simply move along with the water flow. Fine
debris, such as individual fibers or light particles
(e.g. calcium silicate), would essentially remain
suspended even at relatively low levels of pool
turbulence. Ultimately, most of this fine
suspended debris would likely be filtered from
the pool by the recirculation sump screens.
Larger debris could be suspended in the more
turbulent regions of the sump pool or before the
debris was completely saturated with water.
Debris not completely water saturated would
contain some air that could give the debris
buoyancy. Truly buoyant debris, such as some
of the form insulations, would float on the pool
surface unless the pool turbulence was sufficient
to pull the debris beneath the surface. When
insulation debris enters the sump pool, the
debris could be dry, or fully or partially saturated
with water depending upon its exposure to
moisture. If the debris was not fully saturated,
then the trapped air could make the debris
buoyant, whereas it would readily sink when fully
saturated. The time required for water to
saturate a piece of debris is very dependent on
the temperature of the water.

Non-buoyant debris, such as saturated fibrous
debris, would settle to floor of the pool, except in
regions of high turbulence. If the local flow
velocities were sufficiently high, sunken debris
would transport along the floor with the water
flow. This transport involves tumbling and
sliding motions. The separate effects test data
provides the flow velocities needed to start
debris in motion, referred to as incipient motion,
and the flow velocities needed to cause the
debris to transport in bulk motion. Note that
significant turbulence would cause debris to
transport along the floor at lower bulk flow
velocities than if there was no turbulence.
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Debris moving across the sump pool floor could
encounter an obstacle that stops further forward
motion. Debris trapped against one of these
obstacles could be lifted over the obstacle when
the flow velocities were sufficiently fast. The
separate effects test data also provides these lift
velocities.

The NRC, U.S. industry, and international
organizations have conducted both tests and
analyses to examine different aspects regarding
the transport of insulation and other debris in
pooled water. The results of these experiments
provide qualitative insights and quantitative
information relevant to considerations of debris
transport in PWR containment pools. The NRC
has performed analyses investigating the
transport of insulation and other debris in PWR
containment sump pools and BWR drywell floor
pools and BWR suppression pools. The results
of these analyses provide qualitative insights
and quantitative information relevant to
considerations of debris transport in PWR
containment pools.

Two approaches to modeling the transport of
debris in a containment pool are found in the
literature. One is experimental in nature; the
other is computational. The experimental
approach to modeling debris transport in a
particular containment sump pool involves
building a scaled representation of the floor of
the containment complete with all the walls,
curbs, equipment, etc., that would determine the
flow patterns in the pool. Defensible similitude
between the physical containment and the
model must exist here, however a defensible
similitude will be difficult to develop. The
rationale for scaling the water flow differs
substantially from the scaling rationale for
scaling debris transport, but both processes
must be scaled simultaneously. Appropriate
inertial force scaling, governing water flow,
requires that flow velocities be reduced with the
square root of the length scale. Appropriate
viscous force scaling, governing debris
transport, requires that flow velocities be
increased proportional to the length scale. It
may be that water flow and debris transport
characteristics cannot be simultaneously
satisfied in a scaled experiment. While
illustrative experiments of containment pool
modeling are documented, no defensible scale
modeling of debris transport potential in a
specific containment has been accomplished to
date. Critical testing considerations include

recirculation flow rate, debris size, the height of
the pipe break above the floor, the preparation
of the debris (size distribution and pretreatment
to remove trapped air), and introduction of the
debris into the test. The potential for debris
disintegration within the pool must be
investigated.

The computational approach to modeling debris
transport in a containment pool involves
performing CFD calculations. While
commercially available CFD codes are clearly
suited to predicting the flow patterns and velocity
fields that would exist in a containment pool, the
codes lack the ability to directly predict the
transport of the various types of insulation and
other debris that could be present there. This is
because CFD codes do not have the capacity to
resolve or account for the intricate transport
characteristics of the different types, shapes,
and sizes of potential debris. As such, the flow
field predictions from a CFD containment pool
calculation (e.g., velocities and turbulence
levels) have to be compared with experimentally
determined debris transport characteristics to
infer whether or not transport would occur.
Illustrative CFD calculations of containment pool
debris transport have been documented, but as
with experimental containment pool modeling,
no defendable complete CFD analysis of debris
transport potential in a specific containment has
been accomplished to date.

Debris Accumulation

LOCA-generated debris will have an adverse
effect on recirculation sump performance if it
accumulates in sufficient quantity and in a
configuration that impedes flow. Although the
principal location of concern for debris
accumulation is the surface of a recirculation
sump screen, debris accumulation also can
apply to other locations in the containment; such
as a critical location for the flow of recirculation
water along the containment floor where an
accumulation of debris could impede water flow
to the sump, or screens in the upper
containment levels at floor or refueling pool
drains. The physical configuration of the sump
screen, as well as its position and orientation in
the pool of water it services, vary considerably
among the U.S. PWRs. Recirculation sump
screens can be classified as either fully
submerged or partially submerged, and as
horizontal, vertical, or sloped. For fully
submerged screens, excessive accumulation of
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debris can cause the head loss across the
debris bed to reduce available NPSH to ECCS
or CSS pumps. For partially submerged
screens, excessive debris accumulation can
reduce the static head necessary to drive
recirculation flow through the screen.

The geometric configuration of a debris bed
formed at a location of concern strongly
influences the extent to which it affects flow.
The geometric configuration includes such
features of the bed as the fraction of sump
screen area covered by debris, the uniformity of
the bed covering the screen, the height of the
debris bed off the floor (for vertical screens), and
the bed composition (i.e., porosity). Variations
in these features result in different accumulation
patterns or debris bed profiles, which in turn
affect resistance to water flow. The manner in
which LOCA-generated debris accumulates is
influenced by plant-specific and accident-
specific parameters, including those that
determine the characteristics of the local flow
field, i.e., level of turbulence and flow velocity.
Turbulence facilitates debris mixing into the flow
stream, and thereby promotes uniformity in the
deposition. At low turbulence levels,
gravitational settling leads to non-uniform
accumulation profiles on vertical screens. At
higher velocities, shear forces on debris can lift
or flip debris upward onto higher regions of the
screen. The following experimentally observed
qualitative insights apply to simulated PWR
screens. When fine debris (e.g., individual
fibers, smaller clumps of fibers, and calcium
silicate particles) arrives at the screen in a well-
mixed suspension, it deposits nearly uniformly
across the screen. Small debris (e.g., clumps of
fibrous or calcium silicate debris or crumpled
RMI debris) that arrives at a PWR screen by
tumbling or rolling across the pool floor may
form a pile of debris at the bottom of a vertical
screen, or if the flow velocities are sufficient, the
debris may be lifted above the already deposited
debris to spread across the screen. At the other
extreme, non-buoyant large or heavy pieces of
debris (e.g., insulation pillows, blankets, or
cassettes or large portions thereof) will collect
on a screen only if local water velocities are
sufficient to transport the debris across the pool
floor and then lift or flip it onto the screen
surface. The accumulation behavior of the
moderate sized (in-between the small and the
large) pieces of debris (e.g., an irregular shaped
piece of fibrous insulation a few inches to a side)
represents a mixture of smaller and larger debris

behavior. Qualitatively, the debris capture
efficiency of a screen is not strongly dependent
on the size of the screen mesh for the meshes
tested (i.e., 1/8 to 1/4 mesh), which are typical of
screens found in U.S. PWRs. (A few exceptions
have larger mesh sizes.)

Experiments have provided valuable qualitative
insights on debris accumulation on BWR suction
strainers and these insights are also applicable
to PWR sump screens. To resolve the BWR
suction strainer issue, tests were conducted on
both the original cone shaped strainers and the
replacement strainer designs where the most
common BWR replacement strainer design is
the so-called stacked-disk strainer. The cone
strainers effectively accumulated debris in a
manner similar to a flat plate strainer (unless the
accumulation is excessive). The process of
debris accumulation on a stacked disk strainer is
more complicated than for a flat screen but the
stacked disk process increased the debris
accumulation capability of the strainer. With
water flow following the path of least resistance,
debris is deposited onto all of the screened
surfaces of a stacked disk strainer but the flow
and deposition is skewed towards the screened
surfaces of lesser resistance. As debris
accumulates onto the disk-shaped surfaces
inside the gaps, the flow moving somewhat
parallel to these surfaces pushes the debris on
these surfaces further into the gaps, essentially
keeping a portion of the disk surface relatively
clean of debris until the gaps are filled. After the
gaps filled, the debris preferentially occurs on
the disk rims until the accumulation becomes
circumferentially more uniform. The BWR
stacked disk strainer technology potentially
could be applied to possible PWR screen
replacements.

Qualitative observations made during debris
transport and screen accumulation tests have
illustrated that a significant reduction in flow
might allow debris to expand, fall off or shift on
the screen, thereby changing the accumulation
profile. If flow is subsequently restored, the
debris bed re-forms, however the bed
configuration may be substantially different from
those formed before the reduction in flow.

Debris Head Loss

The accumulation of debris onto a PWR sump
screen or a BWR suction strainer would cause a
head loss that could compromise long-term
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recirculation ECCS and CSS. Head loss across
the debris bed depends on the debris bed
composition, i.e., its constituents and its
morphology. The spectrum of possible debris
bed compositions is as varied as the types of
insulation and other materials in the containment
and as varied as the conditions of the accident
scenario. The debris bed compositions can be
broadly divided into the following groups:
(a) fibrous debris beds, (b) mixed fibrous and
particulate debris beds, (c) beds formed by
fragments of reflective metallic insulation, and
(d) mixed RMI and fibrous debris beds. Note
that beds can also contain miscellaneous other
materials, such as shreds of insulation jacketing
or miscellaneous operation debris.

The fibrous shreds filtered from the water flow
by the screens tend to overlay the mesh holes of
the screen and as the accumulation builds, the
flow through the resulting fibrous bed resembles
flow through a porous media. Note that a
smaller quantity of individual fibers can slip
through the holes of the screen. Head loss is
caused as water accelerates past the cylindrical
fibers oriented somewhat normal to the screen
surface. Then the resulting pressure drop
across the bed compresses the bed leading to
progressively higher head losses.

Experimental head loss data obtained for fibrous
beds has been adequately explained using
conventional porous media head loss
correlations. Head loss across a debris bed
increases linearly with velocity in the viscous
region and to the square of the velocity in the
turbulent region; a combination of these two
terms can explain the transition between the
viscous and the turbulent flows. A correlation
developed by the NRC, referred to as the
NUREG/CR-6224 correlation, has performed
well in predicting the head losses associated
with fiber debris beds. Head loss across the
strainer is dependent on the thickness of the
fiber bed (i.e., the volume of fiber debris divided
by the screen area for a uniform bed) trapped on
the strainer surface, the uniformity of the bed,
and the diameters of the fibers, the density of
the fibers, and the water temperature (i.e., water
density and viscosity). The pressure drop
across a non-uniform bed would be lower than
that predicted by assuming uniformity. Non-
uniformity can happen when debris is deposited
in larger shreds and most likely happens when
the bed starts to form. As the formation
continues, the bed tends towards more

uniformity. Very fine debris tends to form very
uniform debris beds. Higher water temperatures
result in lower pressure drops primarily due to
the corresponding decrease in the water
viscosity. One concern still not completely
understood is whether or not the effects of water
chemistry (pH) could alter the bed composition
and thereby affect the head loss. Some
investigators concluded that pH could dissolve
some of the chemical coatings/binders applied
on the fibers leading to their degradation and
formation of even more compact beds, however
most testing was not conducted for a long
enough time for the water chemistry effect to be
tested.

Fibrous debris accumulation on a screen will
filter particulate from the passing flow forming a
debris bed consisting of a mixture of fibers and
particulate that is substantially more compact
resulting in much higher head losses than fiber
alone. The filtered particulate could include
corrosion products, paint chips, organic sludge,
concrete dust and fragments of non-fibrous
insulation (e.g., calcium silicate). This behavior
has been experimentally verified and measured
for some potential bed compositions. Debris
beds consisting of relatively thin layers of fibrous
debris (as thin as 1/8-in. or possibly less) and
substantial quantities of particulate lead to
relatively high head losses. This effect, referred
to the thin-bed effect, has been experimentally
verified. The morphology of a thin bed closely
resembles granular beds, rather than fibrous
beds. Debris beds formed with calcium silicate,
or other particulate insulations, have a
substantially higher associated head loss than if
the particulate were simple dust or dirt. The
calcium silicate morphology is not completely
understood and its effect is still being
investigated experimentally but its effect on
head loss may be due to small fibers and binder
in the insulation with the particulate.

In plants that have nearly all RMI insulation,
either stainless steel or aluminum RMI, the
debris bed could consist almost entirely of
fragments of RMI insulation debris. The head
loss associated with these RMI fragments would
be highly sensitive to type, shape and size of the
accumulated fragments. The fragments could
range from relatively intact cassettes to sheets
of foil to crumpled pieces or shreds of foil (both
large and small). If the water approach velocity
were fast enough to transport large foils (or even
cassettes) to the sump screen and then flip the

10-10



foils onto the screen, the foils would partially
block the screen essentially by reducing the
screen area available to flow. Experiments
using simulated crumpled debris demonstrated
that RMI fragments, typically, form loose beds
that induce low head losses. These crumpled
debris beds tended to be relatively uniform and
typically have a much larger porosity than the
fibrous debris beds. Compactness and porosity
depend upon the general size of the RMI
fragments, i.e., the smaller fragments beds are
more compact, less porous, and result in higher
head losses. Aluminum RMI debris tended to
form more compact beds than the stainless steel
debris. The extent of crumpling exhibited by
RMI fragments apparently depends upon the
orientation of the steam/water jet impacting the
RMI cassette; hence some flat-not-crumpled
pieces of foil, as well as, crumpled pieces. In
addition, it has been postulated that crumpled
foils could be compressed during transport,
effectively transforming the debris into flattened
debris that could increase the resulting head
losses.

Mixed fiber and RMI debris beds have been
studied by various U.S. and European
investigators for head loss implication both with
and without the presence of particulate debris.
The head loss data shows a wide scatter in
results. In most cases, the RMI head loss tests
demonstrated that introduction of crumpled RMI
debris, in combination with fibrous debris and
sludge, does not cause significantly different
head losses than those observed with only fiber
and sludge loadings. In fact, the most significant
finding of NRC tests was that under certain
circumstances when RMI debris was mixed with
fibrous debris and sludge, the head losses
appeared to decrease as compared to similar
conditions without RMI debris. However, in a
few cases, the head loss caused by RMI and
fibrous debris mixtures was slightly higher than
the head losses at the same fiber loading but
without RMI. It was concluded that generally the
head loss caused by RMI debris, in conjunction
with fibrous (and other) debris, would be
bounded by adding the head loss caused by the
individual constituents of the debris bed, (e.g.,
the RMI head loss without fibers plus the
fiber/particulate head loss without RMI).
However, the European investigators observed
that its validity needs to be established for each
application.

Analytical methods have been developed to
estimate the head loss associated with a variety
of debris beds. For fibrous/particulate debris
beds, the NUREG/CR-6224 correlation that was
developed by the NRC based on experimental
data, for flat-plate strainers and truncated cone
strainers, has been successfully validated
against a variety of experimental data and for a
variety, but not all, debris bed compositions.
Appendix B of the NUREG/CR-6224 report
characterizes the head loss caused by fibrous
and particulate debris in detail including the
assumptions and limitations of the correlation.
The correlation predictions were generally within
+25% of the test data. (Note that there is
substantial data variability between the arrays of
test data attributable to debris bed formation,
test procedures, etc, even data for flat-plate
strainer experiments.) The NUREG/CR-6224
head loss correlation was incorporated into the
NRC-developed BLOCKAGE computer code
that evaluates the head loss associated with
BWR suction strainers.

The NUREG/CR-6224 head loss correlation has
been applied piecemeal to the non-uniform
debris buildup associated with the special-shape
strainers (e.g., stacked disk strainers), where the
head loss has a non-linear relationship with the
debris loading; the correlation was applied to the
light initial debris loading and the heavier
circumferential debris loading that were
approximately uniform, by assuming a different
effective screen area for the two conditions.
Applicable test data was important to proper
evaluation of the capability of these strainer
designs. While the BLOCKAGE code was
developed for the truncated cone strainers in
use at that time, the code could be modified to
accommodate the advanced strainers.

A correlation was developed for reflective
metallic insulation based on debris loading (ratio
of foil surface area-to-strainer surface area), the
flow velocity, and the type/size of the debris.
This correlation was also verified using
experimental data.

Resolution Options

BWR experience demonstrated that the options
for resolving the strainer clogging issue were to
replace problematic insulations in the
containment, or install replacement strainers
capable of handling the anticipated debris loads
(or both). The replacement strainer options
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included: (1) the installation of large capacity
passive strainers; (2) the installation of self-
cleaning strainers; (3) the installation of
backflush systems; and (4) the installation of
in-line suction strainers outside suppression pool
that can be realigned and flushed. Licensees of
U.S. BWR plants chose to replace their strainers
with large capacity passive strainers due to the
advantages of these strainers not having active
components and not requiring operator
intervention.

A number of replacement strainers were
designed, tested, and installed in U.S. BWR
plants. The primary design concept in all
passive strainers was to maximize the strainer
surface area while minimizing physical size of
the strainer. Four types of passive strainer
designs were ultimately installed at one or more
U.S. BWRs. There were (1) the PCI stacked
disk strainers, (2) the General Electric stacked
disk strainers, (3) the ABB Combustion
Engineering star shaped strainers, and (4) the
Mark IlIl strainer designs. But the most
prominent strainer designs were of the stacked
disk design. Although these designs differ
significantly from each other, the designs had
one common feature in that the designs all relied
on crevices (troughs, or traps) where debris can
collect on the strainer surface while keeping a
portion of the screen area relatively free of
debris, thereby not significantly increasing the
head loss across the strainers. Each of these
design concepts was further refined or
reengineered as required to suit a particular
plant need and each design was tested to
determine its capability to collect debris. The
constraints related to hydrodynamics loads were
factored into the plant-specific designs. In some
cases, these loads limited the size of the
strainer, thereby requiring the plant to take
additional actions, such as the replacement of
problematic insulation to help facilitate the
solution.

The experimental results demonstrated that
head loss across the advanced passive strainers
modules is a non-linear function of debris
loading. As debris accumulates on one of these
strainers, the debris is preferentially forced into
the gaps or crevices, thereby leaving some
screen area relatively free of debris, until the
gaps become filled. After the gaps filled, the
debris preferentially occurs on the disk rims until
the accumulation becomes circumferentially

(cylindrically shaped in the case of stacked disk
strainer) more uniform.

Special sump screen designs for implementation
in the PWR plants have yet to emerge in the
U.S. However, the BWR advanced strainer
design technology should be applicable to the
design of PWR screen replacements, as well.
The basic concepts of enlarging the screen area
and incorporating debris traps (e.g., the stacked
disk strainers) are as applicable to PWR sump
screens as the concepts were to BWR pump
suction strainers. It is conceivable that a BWR
stacked disk suction strainer could be simply
installed in a PWR sump in some situations.

The design of replacement sump screens should
also consider the water approach pathways to
the recirculation sumps, the screen mesh size,
and protection from damage due to LOCA jet
impingement and missile impaction. Debris
blockages along the water approach pathways
could reduce the availability of the water to the
sump screen, resulting in a lowering in the water
level at the screen. The type and size of debris
passing through the sump screen is determined
by the size of the screen mesh, particularly in
the early stages of the accident before a bed of
debris forms. Debris passing through the screen
has the potential to clog or damage components
throughout the ECCS and/or CCS systems (e.g.,
a spray nozzle). The impingement of a LOCA
jet onto finer mesh screens or the impact of
fragments of hard insulation (e.g., RMI) could
cause substantial damage potentially
threatening the integrity of the screen.

Event History

Operational events have occurred at both PWR
and BWR nuclear power plants that relate to the
issue of sump screen or suction strainer
blockage. Two of these events resulted in the
generation of insulation debris by jet flow from a
LOCA caused by the unintentional opening of
safety relief valves (SRVs). These occurred at:

1. the German reactor Gundremminggen-1
(KRB-1) in 1977 where the 14 safety relief
valves of the primary circuit opened during a
transient and

2. the Barseback-2 nuclear power plant on
July 28, 1992 during a reactor restart
procedure after the annual refueling outage.
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Both of these reactors were BWR reactors with
similarities to U.S reactors. Perhaps the most
notable event was the Barseback-2 LOCA
where the reactor power was below 2% of
nominal and the reactor pressure had reached
3.0 MPa (435 psia) when a safety relief valve
inadvertently opened. The steam was released
as a jet of steam directly into the containment.
Subsequently, the containment pressure cleared
the vertical pressure relief pipes connecting the
drywell to the wetwell allowing steam/air flow to
the suppression pool and the containment
vessel spraying system and the ECCS were
automatically started. About 200 kg (440 lb) of
fibrous insulation debris was generated and
about 50% of this debris subsequently reached
the wetwell resulting in a large pressure loss at
the strainers about 70 min after the beginning of
the event. The debris was transported by steam
and airflow generated by the blowdown, and by
water from the containment spray system. The
extent of damage and the transport of large
amounts of fibrous debris due to the simple
erroneous opening of a safety valve appeared
remarkably large, given the small leak size and
low reactor pressure.

Other events have occurred in operating PWR
and BWR nuclear power plants that resulted in a
particular system being rendered inoperable or
at high risk of not operating. These included
events where the accumulation of debris on a
strainer or a screen caused excessive head loss
and events where debris entered a system and
thereby adversely affected the operability of a
component of that system. Perhaps the most
notable of these events were the two ECCS
strainer-clogging events that occurred at the
BWR Perry plant. Debris was found during a
refueling outage inspection and again later when
several safety relief valves were manually lifted
and the RHR system was used to cool the
suppression pool. These events involved the
clogging and deformation of the pump suction
strainers due to glass fibers from temporary
drywell cooling filters inadvertently dropped into
the suppression pool, corrosion products
(sludge), fine dirt, and other materials. Fibrous
material acted as a filter for suspended particles,
a phenomenon not previously recognized,
strongly suggesting that the filtering of small
particles by the fibrous debris would result in
significantly increased pressure drop across the
strainers.

Events have occurred in operating PWR and
BWR nuclear power plants where debris was
found inside the containment and that debris
had the potential to impair the operability of a
safety system. The debris included fibrous
material, sludge, dirt, paint chips, and
miscellaneous operational materials. Even if the
debris was not considered sufficient to render a
system inoperable, the debris could still
contribute to screen blockage following a LOCA.
Events have occurred where inadequate
maintenance conditions inside containments had
the potential of forming sources of debris. In
general, these events involved unqualified
protective coatings and materials. Events have
occurred where defects in the integrity of the
sump screens were found. These defects could
have caused a potential failure to adequately
filter the ECCS water source that could result in
degradation and eventual loss of ECCS function
as a result of damaged pumps or clogged flow
pathways.

10.2 Conclusions

As a result of years researching the BWR
suction strainer and PWR sump screen clogging
issues, a substantial base of knowledge has
been amassed that covers all aspects of the
issues, from the generation of debris to the head
loss associated with a debris bed on a strainer
or screen. A majority of the research (testing
and analysis) was done to support the suction
strainer clogging issue for BWR plants; however,
most of this research is directly applicable to
PWRs, as well. The spectrum of physical
processes and phenomena that affect debris
generation, transport, and strainer/screen head
loss are the same for PWR sump screens as for
BWR suction strainers.

Although the physical processes and
phenomena associated with the resolution of the
sump screen clogging issue are generally the
same for all PWR plants, the actual resolution
will be very specific to each plant. With few
exceptions, each plant has unique distributions
of insulation (types and locations) and other
potential debris materials, unique geometric
features affecting debris generation and
transport, unique recirculation sump designs,
and unique flow and NPSH requirements. This
is true even among plants of similar containment
design. The exceptions might be multiple units
of essentially the same plant, e.g., the three
units at Palo Verde, but even here the actual
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make up of insulation within each of the plants
may have evolved separately from the others.
Only plant-specific analyses can determine such
aspects of the resolution.

While the base of knowledge covers the breadth
of the PWR sump screen clogging issue, gaps
exist in the completeness of the knowledge
base. For example, the research tended to
focus on fibrous insulation debris, specifically
low-density fiberglass insulation (LDFG) debris.
This focus was partially the result of the initial
analyses of strainer event blockages that
involved LDFG debris but it was also due to the
relative importance of fiberglass to the issue.
Research has also considered other types of
insulation debris but to a lesser extent, notably
experimental RMI debris research, but the
potential for fibrous insulation debris to clog a
strainer has generally been found to be
substantially greater for fibrous debris than the
potential for RMI debris. Further other types of
fibrous debris were not researched as,
thoroughly as was LDFG, for example, HDFG or
mineral wool fibrous debris. These other types
of fibrous debris are as important to the
resolution of the issue as LDFG but less data
was amassed for these types, hence gaps exist
in the completeness of debris transport research
data but not in the overall understanding. Other
examples of database gaps include:

1. full-range size distributions for LOCA
generated debris as a function of the jet
pressure so that a size distribution can be
integrated (less conservatively) over the
volume of the ZOI, thereby determining the
overall size distribution for the debris
generated,' and

2. data for the lifting of debris over an obstacle
once significant debris has already
accumulated upstream of the obstacle,
thereby reducing the effectiveness of the
obstacle to trap debris.2

Even with gaps in the knowledge base, a
general understanding has been gained
regarding nearly all aspects of the clogging
issue. The spectrum of physical processes and
phenomena all affect debris generation, debris
transport, and strainer/screen head loss, but

' As noted in Section 3.3.3, current debris size
distribution data is limited.
2 As noted in Section 5.2.5, current measurements of
debris lifting velocities were made using a clean curb.

research has generally determined the
processes/phenomena that have the most
influence, i.e., which processes/phenomena that
definitely must be considered in a plant-specific
analysis. Besides experimental data, the
knowledge base includes methodologies and
analyses that provide guidance that will support
plant-specific analyses.
The knowledge base includes key concepts and
insights to ensure the important aspects are
addressed in the plant-specific analyses.
Examples include the role of damage pressures
in determining the potential quantities of
insulation debris and that two-phase jets appear
to generate more and finer debris than does an
air jet, the importance of properly defining debris
size classifications for transport analyses, (note
that size classifications have varied through the
years of research), the importance of tracking
the finest debris as a separate class, and the
importance of estimating the further degradation
of debris as it is transported (especially within
the sump pool), the importance of accounting
for pool turbulence and the establishment of the
initial pool flow when estimating pool debris
transport, and the composition of the debris bed
when estimating head losses across the debris
bed, particularly when the bed contains fibers
and calcium silicate.

There are a few areas where the basic
understanding of a particular process is not fully
understood; future research may provide
additional data for some processes. For
example, it is known that sump pool turbulence
will further degrade fibrous debris, creating more
of the very fine debris, perhaps substantial
quantities, that remains suspended, but no data
exist to provide a means of quantifying the
degradation. Another example is that it has
been postulated that chemical changes within
the debris bed could alter the composition in the
longer term due to changes in the acidity level in
the sump pool. Altering the debris bed
composition would alter the associated head
loss; if the bed compacted, the head loss could
well increase. The plant-specific resolutions
may require that additional data be taken for
insulation components that were not specifically
covered in the current knowledge base, for
example, the damage pressure for insulation
jacketed or oriented differently than any of the
current data. Despite the gaps in the base of
knowledge, this knowledge base should provide
a valuable resource for the sump screen issue
resolution.
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